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1. 1. Definition of the problem 
The circulation of blood through skeletal muscles is physio­
logically very important. The blood supplies the muscle cells 
with the substances necessary for the processes of life and 
with the energy for the contractile processes. 
Furthermore it provides a means by which the metabolites 
and the heat, formed during r.est or contraction, can be re­
moved from the cells. 
The research of the functioning of the circulatory system has 
assumed great proportions during the last few years, especi­
ally in view of the increasing frequency of disorders of heart 
and vasculature. A part of the research has been directed at 
the circulation in the extremities, as in these parts too dis or -
ders are very frequent. 
The diseases of the arterial system, which will be discussed 
chiefly in this thesis, are mostly of atherosclerotic origin. The 
complaints of the patient are caused mainly by stenoses or ob­
structions of the large arteries, by which the flow to the ex­
tremities is impeded. In the first phases of the disease the flow 
to the extremities is sufficient to give no complaints at rest, 
but when the muscles of the extremities are exercised (and the 
flow through the muscles would have to increase) the blood 
supply appears to be insufficient. 
For the diagnosis of vascular diseases in the extremities and 
for the judgement of the effects of therapy it is very important 
to be able to determine the value of the .flow quantitatively in 
a manner that is as comfortable to the patient as possible. How­
ever, there are only a few measuring methods by which the 
flow can be measured during exercise of the extremity muscles. 
Moreover it is not simple to determine quantitatively the amount 
of work. 
To establish the seriousness of the vascular disease it is 
important to measure the maximal blood flow yet admitted throu� 
the arterial system. To increase the flow in extremities there 
are two methods available: 
a. the performance of exercise by the muscles, 
b. arterial occlusion of the extremity during a fixed time. 
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In both cases a strong vasodilatation sets in directly or af -
ter some time, by which the flow increases strongly. 
The measuring methods developed in the course of years will 
be discussed briefly. Then one of these methods will be given 
ample discussion: venous occlusion plethysmography. A method 
to measure the flow semicontinuously will be indicated after 
which flow measurements at rest, after arterial occlusion and 
after exercise on a calfergometer will be described and com­
pared. Also the diagnostic value of the measurements will fur­
ther be discussed. 
1. 2. Methods to determine the blood flow in extremities 
The most important methods to determine the flow in extre­
mities may be divided into two groups: 
a. invasive methods, when a part of the measuring apparatus 
must penetrate the skin. 
b. non-invasive methods, when the skin need not be damaged. 
1. 2. 1. INVASIVE METHODS 
In this group the following methods may be placed: 
a. All the methods based on the transport of an indicator, 
which must be injected into the circulatory system (at the 
arterial or venous side), into the muscles or into the skin. 
The flow can be calculated from the amount of indicator 
which is transported to or from an organ. The differences 
in the concentration of the indicator in the blood flowing to 
and from the organ or the changes of the concentration in 
the organ (muscle or skin) per unit of time can be used. 
The following indicators are commonly used: 
1. Radioactive labelled substances (Lassen 1964, Cutajar 
1971); 
2. X-rays contrastmedium (arteriography) (Rutishauser 1966); 
3. Color-dyes (Bachmann 1966); 
4. Electrochemical labeled substances (Oeseburg 1967); 
5. Heat or cold (Hensel 1954, Golenhofen 1963). 
b. Electromagnetic flowmeters, which are fitted around a blood 
vessel or placed in a blood vessel by means of a catheter 
(Capellin 1968, Wyatt 1968, Kolin 1967). 
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The meter generates an electromagnetic field in the blood 
vessel. The movement of the blood in the electromagnetic 
field generates a voltage being in first approximation a 
measure for the mean velocity of the blood. The flow can 
be calculated by multiplication with the crosssectional area 
of the vessel. 
1. 2. 2. NON-INVASIVE METHODS 
The following methods belong to this group: 
a. Methods which are based on the transport of heat or cold 
applicated to the skin (Hensel 1956). 
b. Trans cutaneous Doppler ultrasound flowmeter. This method 
is based on the Doppler effect. A frequency shift is the 
result of the velocity of particles in the blood. As with the 
electromagnetic flowmeter, the instantaneous blood velocity 
is determined in a relatively large vessel (Peronneau 1 970, 
Strandness 1 967). 
c. Photoelectric plethysmography, which is based on the measure -
ment of the amount of light which is absorbed, reflected or 
multiple scattered in the skin (Nieveen et al. 1956, Elings 
1959, de Pater et al. 1962, Van den Berg and Vafi 1 963). 
d. Electrical impedance plethysmography. The electrical im­
pedance is measured between two electrodes applied to the 
skin. The impedance changes depend on the changes in the 
amount of blood in the vascular bed between the electrodes 
(Van den Berg and Alberts 1954, Kaindl et al. 1967). 
e. Venous occlusion plethysmography. This method will be dis­
cussed in detail in the following chapters. 
It would lead too far to discuss the above mentioned methods, 
their advantages and disadvantages, in detail. 
For diagnostic purposes the non-invasive methods besides 
palpation and auscultation, are in the first instance most im­
portant, because the patient is little burdened and the functio­
nal state of the vascular system can be judged. 
Before and during operations the invasive methods, especially 
arteriography, cannot be missed, for with these methods the 
site and character of the affection can be determined more 
exactly than with the non-invasive methods. 
1. 2. 3. CONTINUOUS VERSUS DISCONTINUOUS MEASUREMENTS 
An important aspect of the various measuring methods is the 
possibility of the method to determine the flow continuously or 
discontinuously in the time. 
In principle it is possible to do continuous measurements with 
the indicator methods, the electromagnetic flowmeter and the 
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Doppler flowmeter. For quantitative measurements with the 
Doppler flowmeter it is necessary to measure or to estimate 
the cross-sectional area of the vessel. 
In principle venous occlusion plethysmography is a discon­
tinuous measuring method, by which the mean flow during 
some time is determined. It must be followed by a recovery 
period during which no measurement is made. 
In this thesis a method will be described to measure the 
flow in extremities semicontinuously and automatically by venous 
occlusion plethysmography. The patient is burdened so little 
that the measurements can be continued for a long time. 
1. 3. Division of the thesis 
The circulatory system is briefly described in Chapter 2, as 
well as the control of the flow through the systemic circulation. 
In Chapter 3 various facets of venous occlusion plethysmo­
graphy are considered critically. 
Chapter 4 describes the apparatus used for semicontinuous 
blood flow measurements by triggered venous occlusion plethys -
mography. The Whitney-plethysmograph is discussed in detail. 
Further an ergometer for exercising the muscles of the calf is 
described. 
Chapter 5 gives the results of meas.urements on subjects at 
rest, while chapter 6 gives the results of measurements of the 
reactive hyperemia after arterial occlusion. 
Chapter 7 describes the blood flow measurements after exer -
cising the calf muscles on the ergometer, the results being 
compared with the blood flow after arterial occlusion. 
A summary of the thesis is given in Chapter 8. 
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CHAPTER II 
SURVEY OF THE CIRC ULATORY SYSTEM 
2. 1. Anatomy 
2. 1. 1. FUNCTIONAL CLASSIFICATION 
From a functional point of view the circulatory system may 
be devided as follows: (Wiggers, 1962) 
a. the heart, which functions as the central pump. The heart 
consists of the right atrium and ventricle and the left atrium 
and ventricle. 
b. two distributing systems (transport vessels: arteries) which 
supply the lungs and other parts of the body with blood. The 
pulmonary system starts at the right ventricle, the system 
for the other parts of the body starts at the left ventricle 
(systemic circulation). 
c. the microcirculatory systems. To these systems belong the 
arterioles througl;l which the blood flow is regulated, the 
capillaries where the exchange of substances with the sur­
rounding tissues takes place, and the shunts. 
d. two collecting systems (transport vessels: veins), which re­
turn the blood to the heart. The pulmonary system drains 
into the left atrium, the systemic circulation drains into the 
right atrium. 
In what follows, the pulmonary circulation will be excluded 
nearly completely. 
2. 1. 2. STRUCTURES OF THE SYSTEMIC CIRCULATION 
The aorta (inner diameter ca. 2. 5 cm), which arises from 
the left ventricle and is separated from it by valves, branches into 
many large vessels, each supplying some vascular beds with 
blood, Fig. 2.1. These large arteries _branch int-0 smaller 
arteries, which branch again. At every branching the total cross­
sectional area of the vessels increases, so that the blood flow 
velocity in the vessels decreases. 
The transition from the arteries to the capillary network is 
formed by the precapillary vessels: the arterioles, with an 
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Fig. 2 . 1 .  Schematic diagram of the human circulatory system . H: head. UE : upper extre­
mities. LU: lungs. RA: right atrium. LA: left atrium. RV : right ventricle. LV : 
left ventricle. A: aorta. AO: abdominal organs. SP: spleen. LI: liver. KI: kidney 
TR: trunk. LE : lower extremities. 
arterioles branch off (Winsor and Hyman 1965 ,  Henry and 
Meehan 1971) ,  which form the proximal part of the preferred 
pathway of the blood . From the metarterioles the true capilla ­
ries branch off, with an inner diamter of 5 -10  µrn. The pre ­
capillary sphincters are at the branching places .  The capilla ­
ries drain into the venules (with an inner diameter of ca.  2 0  
µrn) , which unite again t o  larger veins ( inner diam. ca. 5 mm) 
which drain, via the large venae cavae (inner diam. ca. 3 cm) , 
into the right atrium. 
A special type of vessels exists in many capillary vascular 
systems : the arterio-venous anastomoses ( shunts) .  They are 
thick-walled connections between the arterial and venous side 
of the vascular bed, in which no matter exchange takes place . 
When they are open, they have an inner diam. of 20-40  µm and 
form a shunt on the capillary systems , through which the blood 
can flow from the arterial to the venous vessels without passing 
the capillaries . In the skin for instance these vessels are very 
important for the transport of heat . 
6 
The walls of the aorta and the large arteries consist of elas -
tic tissue (ca. 4 0o/o ) ,  collagenous tissue (ca. 20%) and smooth 
muscle tissue (ca. 4 0%). The tension in the wall is changed by 
contraction of the muscle tissue, and so  is  the inner diameter 
(Abrams on 1 9 6 7) . 
As the diameter of the more peripheral vessels decreases,  
the walls of the vessels contain increasing amounts of smooth 
muscle tis sue. The walls of the arterioles and the arterio­
venous anastomoses consist nearly c ompletely of smooth muscle 
cells . The diameter of these vess els can vary very strongly by 
nervous innervation of the smooth muscle tissue , so that the 
arterioles can function as control vessels. 
The capillaries are fine tubes,  their walls are one cell thick 
(endothelial cells ). Through this thin wall the exchange of sub ­
stances takes place with the surrounding tissues. 
The walls of the venules and the veins c onsist mainly of 
collagenouE and elastic tissue s .  The structure of the venous 
walls varies with the hydrostatic pres sure differences which can 
exist in the veins . Veins with a greater diameter than ca. 
30 µm mostly c ontain valves of c ollagenous and elastic tis sue. 
By these  valves the back stream of blood is prevented , and the 
skeletal muscles of the extremities and the thoraco-abdominal 
muscles can exert an additional pumping action. 
The walls of the veins are very thin in proportion to the 
walls of comparable arteries, so that the veins can easily col ­
lapse when the transmural pressure becomes z ero or negative .  
2. 2. Blood pressure, blood flow, peripheral resistance, pe­
ripheral volume and pulse wave . 
2. 2. 1 . BLOOD PRESSURE 
The heart of a normal subject at rest contracts 6 0  to 8 0  
times a minute .  Every time the left ventricle pumps a n  amount 
of blood in the systemic circulation. 
The first phase  of the contraction passes isovolumetrically 
to the moment the pressure in the ventricle has become greater 
than the pressure in the aorta , and the valves open. 
During the second phase the blood is expelled fr om the ven ­
tricle into the aorta , s o  the pressure in the aorta increases to 
about 1 20 mm Hg (the maximal or systolic pressure) . After the 
heart has relaxed and the valves have closed again, the pres ­
sure in the aorta decreases to ca . 8 0  mm Hg (the minimal or 
diastolic pressure) . 
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During the phase of ejection the dynamic energy of the blood 
is partly converted into elastic energy in the walls of the aorta 
and the large arteries . This energy is released during diastole : 
the large arteries function as "windkes sels ". 
In a supine subject there is little pressure drop in the large 
arteries (3-10%). The greatest pressure drop takes place in the 
arterioles (50-70%) and in the capillaries (ca. 20o/o) . 
The pressure drop in the venules and smaller veins is ca. 
15% of the total arterio -venous pressure difference. 
2. 2. 2. BLOOD FLOW 
A s  a result of the action of the heart, the blood flow is of a 
pulsating character. The flow can be conceived as a direct flow 
on whicb. an alternating flow is superimposed with a basic fre­
quency which is equal to the heart frequency. 
The number of harmonics to be taken into account is  very 
limited, the contribution of the 10 th harmonic is already neg ­
ligible . 
A s  a result of the strong damping in the small vessels of the 
arterial system the arterial pulsations in the capillary and ve -
nous system are hardly detectable; there the flow is nearly a 
direct flow. 
2. 2 .  3. PERIPHERAL RE SISTANCE 
The resistance R to flow of a blood vessel can be written a s  
the quotient of the pressure-difference .6.P across the vessel and 




( 2 .  1 )  
In the peripheral vascular beds the flow in the vessels i s  in 
first approximation laminar, and the res istance R is described 
by the law of Hagen-Poiseuille. 
with 11 = viscosity of the blood 
1 length of the vessel 
r = inner radius of the vessel. 
(2. 2) 
From (2) it is obvious that a small change of the inner radius 
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gives a great change in the resistanc e :  in percents 4 times as 
great . 
The resistance of a vascular bed ,  analogous to that of a blood 
ves sel { 2. 1 ) .  can be defined as the quotient of the pressure dif ­
ference .6. P  acros s a vascular bed (the perfusion pressure) and 
the flow through that vascular bed.  The resistance of a vascu ­
lar bed can b e  c onsidered as the sum of the substituting re -
sistances of the arterioles,  the capillaries and the venules. The 
total peripheral resistance is defined as the resistance b etween 
the valves of the left ventricle and the right atrium . This re­
sistance amounts to ca . 1 3  00 dyn. s / cm 5 • 
The resistance of a vascular bed (and consequently the total 
peripheral resistance) is not constant, but largely depends on the 
c;ontractile state of the smooth muscle tissue in the walls of 
the arterioles , metarterioles , pre capillary sphincters and 
arterio -venous shunts. The inner diameter of the vessels in­
creases and thus the resistance decreases with increasing pres ­
sure , while the resistance increases with decreasing pres sure . 
These passive variations of the resistance, however,  are small 
in comparison with the active variations by the vascular mus ­
culature. 
2 . 2 . 4 . PERIPHERAL VOLUME 
The distribution of the total amount of blood in the systemic 
circulation over the diverse functional parts of the system can 
be given as follows for a normal adult at rest (Whitmore 1968) : 
Mean volume in arteries 1 3% 
arterioles 3% 
capillaries :  7% 
venules 1 3% 
veins 64% 
The greater part of the total amount of blood is in the venous 
system under a relatively small pressure.  
2. 2. 5 .  THE PULSE WAVE 
As the heart c ontracts rhythmically, and only during a part 
of the cardiac cycle , the systole, blood is ejected disc ontinuous -
ly into the systemic circulation, thus the blood flow at the in­
put of the system is pulsatile . As a result of the inert mass 
and the viscosity of the blood, and the elasticity of the vessel 
walls, a pressure pulse is generated. This pressure puls e,  the 
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pulse wave , is condµcted along the arterial system . 
The propagating pulse waves are partially reflected at rami ­
fications , where the t otal cros s -sectional area and the volume 
capacity change . By these reflections backward running pulses 
are generated, which interfere with the forward running pulses . 
The reflections, which are frequency dependent, and the dam ­
ping through the viscosity of the blood and the friction in the 
wall material are the causes of the variations of the pulse wave 
form . The form of the pulse wave is more or less characte ­
ristic for the place in the arterial system (Fig. 2. 2) . 
P(mm Hg) 
140 
0 200 400 600 800 1000 t (ms) 
Fig. 2. 2.  Pulse wave forms in the arterial tree. a :  aorta. b :  art. axillaris. c :  art. radialis. 
The pulse wave velocity depends on the dynamic modulus of 
elasticity E of the wall material, on the wall thickness h,  on 
the m ean radius r of the vessel and on the density of the blood 
p .  
In first approximation the pulse wave velocity c is described 
by the formula of Moens -Korteweg: 
C = '  � V 2Pr ( 2. 3) 
TJ:le dynamic modulus of elasticity E is not a c onstant but 
depends largely on the tension in the vessel wall, so on the 
transmural pressure.  
Generally the pulse wave velocity in arteries is much greater 
than the mean blood flow velocity. For instance :  in the a. fe -
moralis the mean blood flow velocity is ca .  15 cm / s ,  but the 
pulse wave velocity is ca. 6 m/s . 
1 0  
The pulse wave can easily be detected at places where the 
arteries are close to the skin (a. radialis, a. femoralis) and 
can be recorded with every type of plethysmograph. 
The form and amplitude of the pulse wave are very important 
for the diagnosis of many vascular diseases (Bollinger 1969 .  
Nilson 1 9 7 0) .  In the following chapters we will refer to these 
measurements in a more detailed manner. 
2. 3. Regulatory mechanisms of the peripheral vascular system 
2. 3. 1. NERVOUS CONTROL 
The blood flow through a vascular bed is determined mainly 
(at a constant perfusion pressure) by the resistance of the ar­
terioles. The blood flow is nearly laminar, so the resistance 
of the arterioles is inversely proportional to the fourth power 
of the inner radius (see 2. 2. 3. ) . 
With a stronger contraction of the smooth muscles in the 
walls the diameter decreases (vasoconstriction) and with relax­
ation of the muscles the diameter increases due to the internal 
pressure in the vessels (vasodilatation). The same mechanism 
also controls the flow through the arterio-venous anastomoses 
(shunts). 
The contractile state of the arterioles is determined by stimu­
li from the sympathetic nervous system and by the effects of 
vasoactive substances in the blood or in the surrounding tis -
sues. 
In the state of rest there is a certain sympathetic activity 
(vasomotor tonus). Increasing activity mostly causes vasocon­
striction, decreasing activity mostly causes vasodilatation 
(Whelan, 1967) .  The sympathetic activity is regulated by the vaso­
motor centers, which react on stimuli from sensory nerves or 
from higher centers. Changes in chemical composition. the 
amount of hormones and the physical properties of the blood 
have their influence on the vasomoter centres. 
At the end plates of sympathetic nerves catecholamines pro­
vide for the transfer of the nervous impulses to the effector 
cells. The catecholamines interact with the adrenergic recep­
tors: they are the points of application for the catecholamines . 
which are localised upon or in the effector organs (ArH!ns , 1 97 0).  
The adrenergic receptors offer the opportunity for influencing 
the adrenergic system with suitable substances. 
Ahlquist (1967)  found two types of receptors in blood vessels 
determining the resistance to the flow: the a-receptor having a 
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vasoconstrictive effect on the smooth muscle tissue, the fJ -re­
ceptor having a relaxing effect . 
2 .  3 .  2 .  HUMORAL CONTROL 
Norepinephrine is the most important a-adrenergic substance,  
while isoprenaline is the most important fJ -adrenergic substan ­
c e .  
Epinephrine has a- as well as fJ -adrenergic properties.  The 
influence of these sub stances on the circulation is very com ­
plex . The various vascular beds c ommonly react on a- and 
8-adrenergic substances,  the effect of one of these substances 
mostly dominate s .  
Many other vasoactive drugs exist , which mimic the effects 
of the sympathetic nervous system ( a - or fJ- sympathicomimetic 
drugs) or prevent them ( a- or fJ-sympathicolytic drugs) .  The 
effects of the drugs can be central as well as peripheral . 
It is beyond the s c ope of this thesis to describe the different 
c ontrol mechanisms in detail; suffice it to give s ome referen ­
ces :  Whelan (1 967) ;  Abramson ( 1 9 6 7 ) ;  ArH!ns ( 1 9 7 0) ;  D owney 
( 1 971) ;  Altura ( 1 97 1 ) ;  C oleridge and C oleridge ( 1 9 7 2) .  
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CHAPTER I I I  
VENOUS OCCLUSION PLETHYSMOGRAPHY 
3 .  1 .  Introduction 
The word plethysmograph is derived from the Greek words 
1 1plethysmos 1 1 (to increase) and 1 1graphein 1 1  (to write) . It indi ­
cates an instrument which records an increase of a volume .  The 
word is commonly used for instruments which measure blood _ 
flow in peripheral vascular beds (primarily in the extremities) 
starting from volume variations . 
Venous occlusion plethysmography is based on the principle 
that an occluding cuff can be inflated to such a pressure that 
the draining veins are closed completely while the inflow of 
blood through the arterial system is not impeded . The venous 
draining of the blood from the distal part of the extremity is  
then prevented . The increase of the volume of the extremity 
during venous occlusion is determined by means of a plethys -
mograph; from this increase the blood flow can be calculated.  
To what extent this method can be used,  what conditions must 
be fulfilled and what kinds of errors can be made will be dis -
cus sed in detail in this chapter . 
3 .  2 .  Historical review 
An instrument that may be looked upon as the forerunner of 
the modern plethysmograph was used by G lisson ( 1 6 22)  in the 
latter half of the 1 7th century to measure volume variations of 
contracting muscles . He put the whole arm into a long glass 
tube and closed the tube with bandages . The tube was filled 
with water by means of a fine bore glass tube at the upper 
side .  In his experimental setup a contraction of the muscula ­
ture of the arm caused a decrease of the water level in the 
fine bore glass tube (decreasing volume) , relaxation of the 
muscles caused an increase of the water level (increasing vo ­
lume) .  
Brodie and Russell ( 1 905) studied the flow through the kidneys 
in experimental animals by means of a water filled plethysm o ­
graph in which the kidney was enclosed. They found a n  increa­
sing volume of the is olated kidney when the venous drainage 
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was temporarily prevented, and by calibration of the plethysmo­
graph they were able to calculate the flow. 
Hewlett and Van Zwaluwenberg (1909) described for the first 
time in detail the application of venous occlusion plethysmograp­
hy for the measurement of flow in extremities .  They used an 
air -filled glass tube in which the forearm and hand were enclo ­
sed. Venous occlusion was effectuated by an inflatable cuff just 
proximal to the plethysmograph. The amount of air which was 
displaced was measured by means of a bellow s .  Temperature 
variations in the air -filled glass tube, however, had a great 
influence on the results of the measurements. Fig .  3 . 1.  gives 
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Fig. 3 . 1 .  Simplified diagrams of some types of plethysmographs. 
schematic diagrams of the divers types of plethys mographs . 
Lewis and Grant (1925) introduced a waterfilled plethysmo­
graph which enclosed only a segment of the extremity. The 
plethysmograph had to be sealed with diaphragms on both sides 
on the arm or calf . However, sealing the plethysmograph to 
the skin of the extremity proved to be troublesom e .  Krogh, 
Landis and Turner (1932) described a plethysmograph with a 
thin rubber sleeve enclosing the whole limb segment, attached 
to thick rubber diaphragms . Due to the hydrostatic pressure of 
the water in the plethysmograph the thin rubber s leeve fits the 
limb segment properly . 
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A second problem was the temperature of the water in the 
plethysmograph . For nearly 20 years watertemperatures were 
used between 1 5 ° C (Abramson, Katzenstein and Ferris 1 94 0) 
and 45° C (Prinzmetall and Wilson 1 9 3 6) . Barcroft and Edholm 
( 1 94 3) described the influence of the watertemperatures on the 
flow through the forearm and they concluded that a temperature 
of 34° C was optimal. 
For many years waterplethysmographs were us ed . H owever, 
:this type of plethysmograph is very difficult to operate and there ­
fore its use requires a lot of time . 
Whitney ( 1 95 3) des cribed a mercury -in -rubber strain gauge, 
by which alterations in the circumference of a limb segment are 
measured. From the alterations in the circumferenc e the altera ­
tions in the volume of the limb segment are calculated. The 
instrument is extremely simple to operate and therefore is 
used very much in clinics . We shall des cribe the Whitney ple­
thysmograph in detail in Chapter 4 .  
Winsor ( 1 959)  described a segment plethysmograph c onsisting 
of an air -filled cuff . At the inner side the cuff has a thin s oft 
rubber wall and at the outer sides a firm wall . The pressure 
variations in the cuff, which encloses the arm and fits on the 
arm by a little overpressure,  are recorded with a pressure -
transducer. Many other types of air -filled plethysmographs are 
devised e . g .  Dohn ( r n56) , Barbey and Barbey ( 1 96 3) and Dahn 
(1 9 7 0) .  
Figar ( 1 9 5 9) described a method t o  m easure the blood flow in 
digits , which he called "electrocapacitive plethysmography 1 1 • A 
metal tube around the digit functioned as one plate of a capaci ­
tor. the skin of the digit as the other plate .  The variation of 
the capacity is a measure of the volume changes of the digit . 
Hyman, Burnap and Figar ( 1 963)  used this method to measure 
the flow in the forearm . A conically shaped sheath of copper 
wire -netting is placed around the limb. Fewings ( 1 965) described a 
flexible capacitanc e plethysmograph which can ber wrapped around 
the limb . 
A quite different method is electrical impedance plethysm o ­
graphy , the principle of which was described already in 1 9 3 5  by 
Atzler and Lehman. The method was described in detail by Pol ­
zer ( 1 955) . The electrical impedance between two electrodes 
varies when the volume between the electrodes varies , and is a 
measure for the volume variation. The method was criticised 
with respect to venous occlusion by Van den Berg and Alberts 
( 1 954) and Hill e . a .  ( 1 967 ) ,  but defended with respect to puls e  
wave measurements b y  many others (Kimmen 1 96 9) ;  complete 
clearness concerning the value of this method has not yet been 
obtained . 
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Photoelectric plethysmography offers a possibility to study the 
circulation through the vascular b eds of the skin. This method 
is based on the measurement of the variations in the absorb -
tion, reflexion or multiple scattering of light , dependent on the 
amount of blood in the skin . The method was described already 
in 19 35 by Matthes and described later in detail by Nieveen et 
al .  ( 1956) .  Elings ( 1 959) . de Pater et al . ( 1962) and Van den 
B erg and Vafi ( 1 963) . 
All these types of plethysmographs have their own specific 
advantages and disadvantages . The triggered venous occlusion 
plethysmography to be described in Chapter 4 can be used with 
any type of plethysmograph. In our research we have chosen 
the Whitney mercury-in-rubber strain gauge , principally on 
account of the simple clinical applicability . 
3 .  3 .  Theoretical considerations 
3 . 3 .  1 . CONDITIONS TO BE FULFILLED 
To obtain reliable quantitative flow measurements the follo­
wing conditions must be fulfilled : 
a .  A collecting cuff can be inflated to such a pressure that the 
veins beneath the cuff are completely occluded for some 
time (Fig . 3 .  2 ) .  The venous outflow from the distal part of 




Fig. 3, 2 .  Segmental venous occlusion plethysmography. 
Cl :  proximal cuff. C2: distal cuff. P: plethysmograph. 
A: arteries. V: veins. 
b .  The pressure, mentioned in a ,  can be chosen at such a le ­
vel that the arterial inflow to the distal part of the extremity 
is not impeded. This means that the diameter of the arteries 
beneath the cuff does not alter significantly so  that the inflow 
resistance remains practically constant . 
c .  During venous occlusion the pressure in the venous system 
remains low with respect to the arterial pressure for a ti ­
me that is long enough not to influence the flow through the 
capillary system. 
d .  The influence of the plethysmograph, by which the increase 
of the volume is measured, is negligibly small. 
When these conditions are fulfilled the arterial inflow is un­
impeded, i . e .  the arterial inflow is the same as it would b e  
without venous occlusion. This arterial inflow can be computed 
from the volume increase during venous occlusion. 
We shall examine the possibilities to fulfill the conditions 
above mentioned . 
ad a .  To determine the flow in an extremity the occlusion cuff 
is applied nearly always round the upperarm or the thigh, 
as close as possible to the elbow or the knee (Cl in Fig. 
3 . 1 .  ) . To  determine the flow in the forearm or the calf 
a distal cuff is applied round the wrist or r ound the 
ankle (C 2 in Fig. 3 . 1 .  ) .  
Landowne and Katz ( 1 94 2) measured tissue presf:!Ure 
within a calf with the aid of long hollow needles as a re -
sult of various pressures in a 9 cm wide cuff. They found 
that there was a pressure gradient toward the centre of 
the calf beneath the cuff and a steeper one toward the 
sides . They interpreted their findings to indicate that 
5 0 mm Hg of cuff pressure would b e  suflicient to occlude 
all veins . 
Ludbrook and Collins ( 1 967 )  measured with thin hollow 
needles the pressure gradients in the forearm muscles 
beneath and at the sides of a cuff plethysmograph which 
was inflated to diverse pressures . They found a pressure 
gradient on the edge of the cuff . The subcutaneous pres -
sure at 1 cm from the edge was virtually c onstant, but 
the intramuscular pressure was constant only at 4 cm 
from the edge (Fig. 3. 3) . 
Direct measurements to determine the pressure ne -
cessary to occlude the veins were made by Formel and 
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Fig. 3. 3. Pressure distribution beneath a cuff. 
A: subcutaneous pressure. B: intra-muscular and deep venous pressure. C: cuff in­
flated to 60 mm Hg. 
Doyl { 1957) . They injected 131J serum albumin in a dorsal 
hand vein and at the same moment a cuff was inflated 
round the thickest part of the forearm. The radioactivi ­
ty proximal of the cuff was measured with a scintillation­
counter above the confluence of the cubital and basilic 
vein s .  The width of the cuff they used was not mentioned. 
They found that the blood leaked beneath the cuff , finding 
an increase of the proximal activity when the pressure in 
the veins (as measured with a catheter pressure trans -
ducer) nearly became equal to the pressure in the cuff . 
With all these measurements it is implied that the veins 
in bones ,  which are not affected directly by the occluding 
pressure , form only a negligent leakage beneath the cuff. 
However, there are indications that the blood from the 
muscles can flow into the bones {Shaw 1964) . From the 
measurements made up till now, it can not be concluded 
that a bone leakage does not exist , but probably the 
leakage will not be a large one .  
A scheme of the different pressures beneath the cuff 
as a function of time during venous occlusion is given in 
Fig .  3. 4. 
ad b.  For the determination of the flow in subjects at rest with 
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a normal blood pressure { 120/ 80 mm Hg) a pressure in 
the occluding cuff between 40 and 70 mm Hg is (suffi­
ciently) low so as not to affect the supply of arterial 
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Fig . 3 .4 .  Scheme of pressures beneath a cuff as a function of time after the application of 
the occluding pressure. 
Pa: arterial pressure. Pcu' cutaneous pressure. Pc: cuff pressure. Pm· muscular 
pressure. P 
v
: venous pressure. 
ley 1946, G_raf and Rosell 1964) . Then the transmural 
pressure of the arteries is sufficiently high so as not to 
bring about an decrease of the arterial lumen in such a 
degree that the resistance of the traject increases signi ­
ficantly. 
Eichna and Wilkins (1941)  and Patterson and Whelan 
(1955) have shown that the blood pressure in the supplying 
arteries in previously occluded fissues is decreased di­
rectly after a period of 5 min arterial occlusion, and 
that an occluding pressure of 7 0 mm Hg can impede the 
arterial supply, so that the flow readings become too low . 
So the occluding pressure should be chosen as low as 
possible (see also Chapter 6). This holds also for patients 
with vascular diseases, when, for instance distally from 
an obstruction, the arterial pressure can be low . 
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ad c. To fulfill this c ondition for s ome time the venous system 
must be as empty as possible before the beginning of the 
occlusion, s o  the venous system must have collapsed. 
Therefore, the measuring site must lie above heartlevel 
(5 tot 15 cm) and the extremity must make a small angle 
(ca. 1 5 ° ) with the horizontal plane . Moreover, the trans ­
mural pressure of the venous system may not increase 
too much during the occlusion: so  the occlusion must be 
as short as possible . These measures are especially 
important at a high arterial inflow, as for after exercise 
or after arterial occlusion (reactive hyperemia) .  
See also Chapter 5 (venous volume capacity) and Chap­
ter 6 .  
ad d. The two most important factors are: 
1 .  the pressure, which is exerted on the extremity by 
the plethysmograph; 
2 .  the influence of the plethysmograph on skin tempera ­
ture and evaporation. 
Graf and Rosell ( 1964) and Ludbrook ( 1967 )  investigated the 
influence on the flow of external pressure on the extremity. 
They found a decreasing flow at external pressures of 10 to 
2 0  cm H20 .  A pressure of 5 cm H20 had no measurable in ­
fluence on the flow . 
The capacitance plethysmograph (Hyman, 1963) is the only in ­
strument that has no contact with the extremity and has no in­
fluence on the circulation. The air-filled plethysmograph exerts 
s om.e pressure on the extremity at the sites where the dia.­
phragrns fit on the extremity. When the diaphragm is well con­
structed, this pressure can be low. The Dohn cuff plethysmo­
graph is  inflated to  a pressure of ca . 3 mm Hg and has little 
or no influence on the circulation. The water-filled plethysmo­
graph exerts a non-uniform hydrostatic pressure on the ex­
tremity which depends on the waterlevel, and can have some 
influence on the flow and distribution of the blood in the ex -
trernity ( Hyman, 196 1. The cuffplethysmograph as described hy 
Barbey and Barbey ( 1963) exerts the highest pressure on the 
extremity ( 1 0-15 mm Hg) and therefore has the greatest influ­
ence on the circulation and the blood distribution in the extre ­
mity. When using the Whitney plethysmograph it must be seen 
to  that the contact pressure is sufficiently low ( see Chapter 4) . 
The influence of the plethysmograph on the skin temperature 
and the evaporation is greatest with the water-filled plethysmo­
graph, by which the skin circulation can largely be influenced 
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(Abramson 1967). The capacitance plethysmograph and the Whit­
ney plethysmograph have hardly any influence on the skin tem­
perature and the evaporation. 
3. 3. 2.  COMPLICATIONS WHEN USING A DISTAL CUFF 
To determine the flow in a segment of the arm (forearm) or 
the leg (calf) a second cuff is used distal of the plethysmograph. 
By means of this cuff it is prevented that the flow to and from 
the hand or foot contributes to the volume increase of the fore -
arm or calf (respectively) . 
The distal cuff can be used in different ways: 
a. for arterial occlusion; 
b. for venous occlusion. 
In case a. the distal cuff is- inflated to ca. 25 0 mm Hg so the 
arterial inflow to the hand and venous outflow from the hand is 
prevented. The disadvantage of this method is that the occlu­
sion necessarily changes the haemodynamics of the part of the 
extremity proximal to the cuff. Only after one minute the si­
tuation has become stabilized, but the systolic pressure is in­
creased with ca. 1 0%, the diastolic pressure with ca. 3% by 
reflections at the occlusion site (Graf, 1964) .  During the first 
1 to 2 minutes after the application of distal arterial occlusion 
the flow in the forearm increases. Naturally the distal arterial 
occlusion must be interrupted after about 10 min (dependent on 
painfulness to the patient), so this method is not applicable for 
measurements during a longer time. 
In case b. the distal cuff is inflated to the venous occlusion 
pressure (4 0 to 7 0  mm Hg) by which only the venous return 
from the hand or foot is prevented. By this method the disad­
vantage of the haemodynamic changes is prevented. The venous 
occlusion cannot be applied as long as the arterial occlusion, 
for the increasing pressure in the venous systeqi of the hand or 
foot causes a leakage underneath the distal cuff. However, when 
the distal cuff is inflated synchronously with the proximal cuff, 
the measurem�nts can be repeated as often as necessary. Many 
authors have made comparative measurements, to which we 
return in Chapter 4. 
From the above analysis the conclusigns can be· drawn that 
divers measures must be taken for an accurate determination 
of the flow in extremities with venous occlusion plethysmogra­
phy, and that the usefulness of the method is limited by several 
factors. 
It is not possible with this method to differentiate between the 
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flow through muscles, skin and bones. Generally the volume of 
the segment under study is measured and the flow is given in 
ml. /1 00 ml. of tissue. min. Naturally this is a mean value 
over the cross -sectional area or volume under study. 
To the local distribution over the different tissues we refer 
in Chapter 5. 
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C H A P T E R  I V  
EQUIPMENT FOR MEASUREMENTS AT REST , AFTER 
ART ERIAL OCCLUSION AND AFTER EXERCISE 
4. 1. Introduction 
As has been stated briefly in 3. 1, the flow to a part of an 
extremity can be calculated from the curves recorded during 
venous occlusion. For this purpose a line is drawn through the 
lowest points of a number of succes sive volume pulsations . In 
the ideal case this line is straight (Fig. 4 .  1 ) .  The slope of 
this line with regard t o  a horizontal base line is determined, 
and from the value of the slope and the value of a calibration 
pulse the flow is calculated . Accurate determination of the slope 
of the line through the lowest points of the pulsations requires 
a rather high paper speed of the recorder .  Though special ruler 
systems have been described to simplify and to speed up the 
calculations (Fewings , 1965) the procedure requires a lot of 
time; so it is practically impossible to do many routine mea ­
surements over a long period of time, for instance to determi ­
ne the flow changes during the application of drugs. 
4. 2. Objective and theoretical considerations 
The obj ect of the developed occlusion method is :  
a .  to reduce the measuring time, by which semi -c ontinuous 
measurements become possible ; 
b. tp automatize the measuring method; 
c .  to simplify and to speed up the calculation of the flow, s o  
that it i s  possible t o  d o  many routine measurements . 
When the venous occlusion is effectuated manually (or with a 
timer) the venous occlusion starts and ends at arbitrary m oments 
during the heartcycle (Fig. 4. 1 ) .  The drawing of the slope line 
requires a number of foot points and the occlusion time is on 
the average one pulsation longer than the number of pulsations 
necessary to draw the slope line . The measuring time can be 
shortened when each occlusion starts and ends at  the m om ent 
when the volume pulsations have reached their lowest points 
(Fig. 4. 2). This can be attained by triggering the venous occlu ­
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Fig . 4 . 1 .  I_llustration to the c alculation of the flow from the recorded volume increase during 
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Fig. 4. 2. lllustration to the calculation of the flow from the recorded volume increase when 
the occlusion is triggered with the aid of the R top of the ECG . The occlusion 
time is equal to the measuring time. For z, n and y see text. 
trocardiogram (E. C. G .  ). Then the occlusion time becomes equal 
to the measuring time. 
By means of the E. C.  G. the occlusions can be automatized, 
and the calculation of the flow can be simplified. 
By triggering the occlusion by means of the E. C. G. the oc ­
clusion does not last some seconds ,  but heart per-iods. 









volume increase of the extremity and 
occluding time . 
AV = y /z (4 . 2) 
with y total deflection of the rec orderpen during the occlusion 
and 
z = calibration pulse (deflection per unit volume change) 
(Fig. 4. 2) . 
Further is 
At = n/f 
with n = occlusion time (number of heart perfods) 
and f = heart frequency (beats per minute). 
From (4 . 1) , (4. 2)  and (4. 3)  it follows that : 
f 
F = -n 
1 
z . y 
( 4 .  3) 
(4 .  4) 
The mean flow F during an occlusion time of n heart periods 
can be calculated by multiplying the total deflection of the re ­
c orderpen y with the factor f/n • 1/z. Before starting the mea ­
surements n is chosen by the investigator (for instance n = 4 ) .  
f i s  different for each patient ,. while z is dependent on the in ­
dividual patient as well as on the type of plethysmograph used. 
As all types of plethysmographs give an electrical signal, it is 
possible by means of special amplifiers to give the factor !_ 
1 
n z 
such a value for each patient that on the paper of th� recorder 
a flow s cale can be fitted. For instance, when 1 cm on the 
recording paper c orresponds to a flow of 1 ml/min, calculations 
are superfluous and the flow can be read directly from the re -
c order. 
F or this purpose two normalizing amplifiers are used ( Fig. 
4. 3). Preamplifier A has a constant gain. Amplifier B has a 
gain g
8 
which can be made proportional to the heart frequenc;r 
of the patient. g
8 
is variable between 5 0  and 15 0 in steps of 
1 0  and c ontinuous between steps . Amplifier C has a gain gc 
which is continuous between 0 and 10, so  that the height of the 
calibrating pulse can be varied . 
The calibration of the flow scale (in ml/min) on the recorder ­
paper takes place as follows. 








Fig. 4. 3. Amplifiers used to simplify the calculation of the flow from the recorded curve. 
E: exttemity. P: plethysmograph. A: preamplifier .  
B and C :  normalizing amplifiers. R: recorder. 
First g 8 is set to 60 beats / min. Then a calibration pulse is 
given and (when n = 4 ,  so !._ = 1 5 / min) the height z of the pulse 
n 
is regulated to such a degree that for a pulse of for in­
stance 0 .  1 ml the deflection of the recorderpen is 15 mm. 
F rom formula (4 .  4 )  a deflection of 10 mm on the recor-
derpaper is 1 ml/ min (for F = 
61 .  
1
� . 0, 1 10 = 1 ml/ min) . 
Next the gain g8 is set on the actual heart frequency of the patient . 
By this the flowscale on the paper does not change, for f as 
well as z are multiplied by the same factor, while in this way 
the shorter (or longer) occlusion time at a higher (or lower) 
heart frequency than 60 beats / min is taken into account . The 
heart frequency is determined by means of the E .  C .  G. and 
can be read from a panelmeter. Drawing the slope line on the 
p aper is now superfluous , so the paperspeed of the recorder 
c an be decreased to low values,  for instance 0, 25 mm/ s (see 
C hapter 5) . 
4 .  3 .  Apparatus for triggered venous occlusion plethysmography 
4 .  3 .  1 .  AIR SUPPLY FOR ARTERIAL AND VENOUS OCCLUSION 
For arterial and venous occlusion of a segment of an extre­
mity (fig. 4. 4) c ommercially available cuffs are used (Erka, 
Germany) . The cuffs for the upper arm and the thigh are 13 
cm wide , the cuffs for the wrist and the ankle are 5 cm wide.  
To  diminish the resistance to the air flow of the inlet to the 
cuff the tubes are removed and replaced by plastic connections 
with an inner diameter of 8 mm and a length of 40 mm. By 
two parallel rubber tubes with an inner diameter of 10 mm 
(length 10 cm) the cuffs are connected with flexible tubes with 
2 6  







Fig . 4 .4 .  Scheme of the air supply to the cuffs for triggered venous occlusion. 
Rl: reservoir for art. occlusion. R2: reservoir for venous occlusion. Cl:  proximal 
cuff. C2: distal cuff. 
Vl to V4: electromagnetic valves. V2 and V3: triggered by ECG. 
The air is supplied to the cuffs by means of electromagnetic 
valves with an opening of 1. 9 cm (0.  75 inch) (General Controls, 
Engl. , type 3A 220 V - ) . The air is supplied by two reser­
voirs of 60 liters each, the pressures being adjustable between 
0 and 300 mm Hg for arterial occlusion and between O and 100 
mm Hg for venous occlusion. The pressures in the reservoirs 
are measured by means of mercury column manometers. 
The air is supplied by a high pressure air cylinder (ca. 100 
atm) and reduced to 3 atm by a reducing valve. On this 
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Fig. 4.  5 .  Pressure increase in  the largest cuff (thigh) as  a function of the time after V3  
opens and the pressure decrease after V 2  opens. 
Plethysmogram 
Delayed irrf)Ulses 
(derived from e.c.g.l 
V1 · arterial eccl valve 
V2:outlet valve 
VJ: venous eccl. valve 
V4: distal cuff valve 
C1: prox cuff pressure 
C2:distal cuff pressure 
Occlusion t,ma indicator 
:art. interval 
,eccl. 
1 - 10 
2_10 
4_ 20 
Fig. 4, 6. Scheme to illustrate how delayed impulses, derived from the R top of ECG, are 
used to trigger valves V2 and V3 .  Ensuing pressures in cuffs and sawtooth voltage 
indicating occlusion time are shown. 
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ted { Loosco, The Nether!. ) by means of which the reser­
voir pressures can be accurately adjusted. The connections 
between the reservoirs and the electromagnetic valves are 
made of PVC tube with an inner diameter of 35 mm and 
are c a. 50 cm long. 
With this setup the pressure in the largest cuff ( for the thigh) 
reaches within 0 ,  1 s already 90% of the reservoir pressure. 
The pressure increase in the cuffs was measured with a thin 
plastic c atheter (inner diam. 1 mm) which was inserted in the 
cuff through a T tube in one of the rubber connections. The 
pressures were measured with a Statham pressure transducer. 
The pressure decrease in the cuffs after the opening of valve 
V2 is nearly equally quick ( Fig. 4. 5) . The pressure increase 
and decrease in the smaller cuffs is even quicker. Fig. 4 .  6 
shows the time relations of the opening and closing of the val­
ves and the ensuing pressures in the cuffs. 
For arterial occlusion valve V 1 is opened, but V4 is closed. 
At the end of the occlusion time V1 is closed and v2 is opened. 
For venous occlusion of the whole extremity V3 is opened and 
V 4 is closed. To measure the flow in the forearm or calf V4 
is opened, so that the cuffs C 1 and C2 are inflated simultane­
ously. To end the occlusion v3 -is closed and next V2 is ope­
ned. The tubes to the cuffs are made in duplo, so that the 
flow c an be measured in two extremities simultaneously. 
4. 3 .  2. ENERGIZING OF TI-IE VALVES.  
The electromagnetic valves V1 to V4 are energized by means 
of reed relays. The relays of valves V2 and V3 are triggered 
by impulses derived from the R top of the E. C .  G .  
The E. C. G.  is taken off from the extremities in such a way 
that the greatest positive R top is derived from each individual 
patient. The E. C .  G. signal is amplified ( l OOx) and fed into a 
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Fig, 4, 7 .  Block diagram of electronic processing of the ECG.  
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The pulse shaper gives a block impulse, the front of the im­
pulse practically coinciding with the R top of the E .  C .  G .  
The lowest points of the volume pulsations as  measured with 
a plethysmograph at the forearm or calf do not coincide with 
the R tops of the E .  C .  G .  , but are delayed by the following 
causes : 
a. there are time differences between the R tops and the open­
ing of the heart valves of ca. 50 ms (Wiggers, 1952 ) . 
b .  the pulse waves have a traveling time from the heart to the 
plethymograph, see 2 .  2 .  5 .  
Therefore the impulses are delayed during an adjustable time (0-
200 ms).  so that the moment when the valves are opened can be ad­
justed to coincide with the lowest point of the volume pulsation. The 
adjustment of the delay time, which als o  accounts for the reaction 
time of the reed relays and the valves, is done by means of the ple­
thysmogram, which for that reason is recorded with a paperspeed 
of for instance 5 mm/ s .  Further the delayed impulses are also used 
to measure the heart frequency, which can be read on a calibrated 
meter in beats / min. 
The E .  C .  G. as well as the delayed impulses can be recorded. 
The triggering of the valves V 2 and V 3 for the automatic 
venous occlusions is given in Fig. 4 .  8 .  The delayed impulses 
are blocked by Gate A, which can be opened and closed manu­
ally . (To measure the flow after arterial occlusion the gate can 
als o  be opened by a pulse from the arterial occlusion system. 










R. C. 1 
2- 1 0  









R. C . 2 
2 - 10 
recovery time 
r heart beats 
Fig. 4.  B .  Block diagr am of triggering system of v alves V2 and V3 (venous occlusion) . 
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When gate A is opened, the first E .  C .  G .  pulse starts ring 
counter 1 ( RC l) and triggers the relay opening V3 , thus the 
first venous occlusion is started. The desired number of heart 
periods of the venous occlusion, n, is adjustable between 2 
and 10 by means of a selector switch. By means of a poten­
tiometer on the axis of the selector switch the time, during 
which valve V 3 is open, is adjusted, so that the cuffs are 
connected as long as possible with the reservoirs . Possible 
little leakages cannot result in a pressure decrease in the 
cuffs during the occlusion. 
After the adjusted number of heart periods (n) of the venous 
occlusion valve V2 is opened and the occlusion is ended. By 
RC2 the number of heart periods between the successive oc­
clusions (r) is adjusted, as well as the time during which V 2 
is open. After r heart periods the counters are reset to zero, 
valve V3 opens , and the cycle repeats its elf until gate A is 
closed manually . To measure the occlusion time a linear s aw­
tooth generator is started at the moment valve V3 opens and 
is stopped again when V2 opens . The voltage at the last mo­
ment is a measure for the occlusion time . In this way devia­
tions of the heart frequency can easily be detected when the 
voltage is recorded with the plethysmogram. 
The triggering of valves v1 and V 2 for the arterial occlu­
















0,5 s  
open 
R .C. 3  
1 - 1 0  
interval 
i heart beats 
Fig .4 .  9 .  Block diagram of triggering system for arterial occlusion and Interval (i) between 
the end of arterial occlusion and the first venous occlusion. 
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The arterial occlusion is adjustable between 1 and 1 0  min and 
is started manually: valve V1 opens. V1 closes after the ad­
justed time and gate B is opened. The first E. C. G. pulse goes 
through gate B, starts RC 3 and trigge rs the relay opening 
valve V 2 , thus ending the arterial occlusion. A delay circuit 
holds V2 open during 0. 5 s and opens valve V4 when the switch 
S is closed. Valve V4 is open during the measuring time. RC3 
is adjustable between 1 and 10 heart periods and determines 
the interval (i) between the end of the arterial occlusion and 
the first venous occlusion. When switch S is closed manually, 
valve V4 is opened at the same time that V2 is closed, so that 
the cuffs round the extremity are interconnected and the pres­
sure is applied simultaneously to both cuffs. After i heart 
periods RC 3 gives an impulse to close gate B and to open 
gate A (Fig. 4. 8) and the venous occlusions start as described 
above. 
Fig. 4 .  10 is a photograph of the complete set up. 
Fig . 4. 1 0  Photograph of the experimental set-up. 
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4 .  4 .  The Whitney-plethysmograph. 
4 .  4 .  1 .  INTRODUCTION. 
The mercury-in- rubber strain gauge was first used by Whit­
ney ( 1 95 3) to measure volume changes in extremities.  The me­
thod is widely used on account of the simple application. 
In principle the Whitney plethysmograph consists of a thin 
rubber tube which is filled with mercury .  At both ends the tube 
is closed with metal electrodes,  which guarantee a good elec­
trical contact with the mercury thread, so  that the electrical 
resistance of it can be measured. The rubber tube is stretched 
around the extremity, so  that changes in the girth of the ex­
tremity cause changes in the length of the mercury thread. 
F rom the electrical resistance changes, which are easy to  re­
cord, the volume variations of the extremity s egment can b e  
calculated after calibration (see 4 .  2 ) .  
The res istance R o f  the mercury thread i s  given by 
R = P • .!_ a 
with p = specific resistance of me rcury 
1 = length of the mercury thread 
a = cros s sectional area of the mercury thread. 
The mercury enclosed in the tube has a volume v :  
V = a . 1 .  
s o  
By differentiation follows : 
dR = 2 dl 
R 1 
( 4 .  5) 
( 4 .  6) 
( 4 .  7) 
( 4 .  8) 
When the mercury thread is stretched around a hard cylinder 
with cross sectional area A and girth 1 ,  then 
1 = b VA (4 .  9) 
with b = a constant that depends on the form of the cros s  sec­
tion of the cylinder.  
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A ( 4 .  10) 
When the cylinder has a volume V and length L then it follows 
from (4 . 10): 
p b2 
R = vL 
. V ( 4. 11) 
If L is a constant and the form of the cross section does not 
change during expansion or contraction (so b is a constant) then 





( 4. 1 2) 
e. g .  a relative change in resistance of 1% corresponds with a 
relative change in volume of 1 ml/ 100 ml tissue. 
4. 4 .  2. TECHNICAL ASPECTS AND ERROR SOURCES. 
Fig. 4. 11 . A  is a drawing of the plethysmograph used, which 
is essentially the same as the plethysmograph described by 
Brakkee and Vendrik ( 1966) . The two strain gauges are connec­
ted in series with the metal bar d, which is fastened with 
hook e. On hook e is an elevation h to measure the tension 
with which the gauge is mounted on the extremity. 
Fig . 4. 11 .  A. Sketch of the strain gauges . 
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a:  strain gauges. b :  mounting piece. c :  wiring d :  metal bar .  e :  adjusting s lide . 
f: clamping screw. g: gap (distance between the ends of the mercury thread). 
h: elevation to measure the stretching force. 
The inner diameter of the tubes is 0. 6 mm, the wall thick­
ness is O .  8 mm. They are made of silicone rubber (Dunlop, 
Manch. ) and filled with mercury .  As the c ommercially available 
gauges show interruptions of the mercury thread rather quickly 
during exercis e of the extremity, we chose another  construc­
tion of  the gauges . At both ends the rubber tube is closed by 
tin coated bras s electrodes ,  Fig. 4. 1 1 .  B .  A brass bush with 
screw-thread at the inner side is screwed on the electrode and 
clamps the rubber tube on the electrode. This construction is 
strong and prevents interruptions of the mercury thread during 
exercise .  
C b 
Fig. 4. 11 .  B. Strain gauge electrodes. 
a: rubber tube filled with mercury . 
b: tin coated brass electrode 
c: brass clamping bush with inner screw-thread. 
Dimensions in mm. 
a 
The gauges vary in length between 20 cm and 40 cm in steps 
of 1 cm. By choosing the right length of the gauges the dis­
tance between the ends of the mercury thread ( gap g) is made 
as small as pos sible . The gap never becomes greater than 
2. 5 cm. The res istance of the two- strand plethy smograph va­
ries between 2 n and 5 n ,  depending on the length of the 
gauges . 
The length of the gap affects the measurement of the c hanges 
in girth of the extremity , because the length of the mercury 
thread 1 is smaller than the girth G of the extremity; 
G = bVA = 1 + g 
Substituting ( 4 .  1 3 ) in ( 4 .  7 )  gives 
P b2 • rv R = - (- V - 2 bg V :;- + g2 ) V L L 
( 4 .  1 3) 
( 4. 1 4) 
Maximally g is ca.  1 2% of 1, so g2 in ( 4 .  1 4) can be negiected, 
so that 
3 5  
( 4. 1 5) 
The difference between the measured change in resistance and 
the resistance change at g = 0 is ca. 8% for the smallest gauges . 
The difference is smaller for large gauges. 
Fig. 4. 12 is a scheme of the Wheatstone bridge to measure 
the resistance changes. The branch of the bridge with the strain 
gauge has a low ohmic resistance, the other branch has a high 
ohmic resistance. The bridge is fed with 15 V d. c. , while the 
current is limited by a resistance of 150 n and cannot be greater 
than 0. 1 A. The heat dissipation in the gauge is therefore very 
small: in the most unfavorable case ca. 0. 04 W. In the high­
resistive branch there are resistances for electrical calibra­





Fig. 4 . 12.  Circuit diagram of the Wheatstone bridge with c alibration resistances and 
amplifier. 
S = strain gauge. Rw = wiring resistance. 
Before the measurements start it is necessary to calibrate 
the flow scale on the recorder, so that with an increase of 
volume of say 0. 1 ml the deflection of the recorderpen be­
comes 15 mm if n = 4 ( see 4 .  2) . Usually the value of the flow 
is given in ml/100 ml tis sue. min, so the calibration pulse can 
36 
simplest be given directly in percentage . The resistance of the 
fixed branch of the bridge is increased by connecting one of the 
resistances with the percentages above mentioned. The cali­
bration pulse which is recorded in this way corresponds to the 
voltage caused by the increase of the resistance of the plethys­
mograph branch with the same percentage. This electrical cali­
bration as des cribed already by Hore man ( 1 9 5 8) , Brakkee and 
Vendrik ( 1 966) and Hallbot>k et al. ( 1 970) is much simpler in 
clinical practice than the mechanical calibration described by 
Whitney ( 1 9 53) .  The mechanical calibration consists of a de­
crease of the gap with a given length. This method has the 
great disadvantage of manipulation of the plethys mograph during 
a measuring series , so that the gauge can be shifted on the 
extremity . 
The voltage between the points P and P '  of the bridge is 
amplified by means of a d. c .  amplifier with a gain of 0- 1 00 
(continuous) and than fed into a d .  c .  amplifier with a gain of 
50- 1 50 (in calibrated steps of 1 0  and continuous between steps) 
to. be adjusted to the heartfrequency. The overall gain of the 
amplifiers is adjustable between 0 and 1 5000 .  The total drift 
of the amplifiers with the input short-circuited amounts to 30 
µ V / h, relative to the input . With the strain gauges connected 
in the bridge and mounted on a perspex cylinder, the drift 
maximally amounts to 1 60 µ V/h,  also relative to the input. 
This higher drift is caused by temperature variations of the 
gauge in the measuring room. However, the drift is small 
compared with the output of the gauges which at the input of 
the amplifier is ca.  3 mV for 1% extension. The drift thus 
corresponds to ca.  0 . 05% resistance change per hour, so the 
amplitude of one volume pulsation. 
At calibration as well as at measurements the wiring resis ­
tance contributes to the total resistance of the branch with the 
plethysmograph. The total resistance of this branch, R T is 
( 4 .  1 6) 
with Rw = wiring resistance between the gauges and the bridge 
input. 
From ( 4. 1 6) it follows that 
dR R 
R + Rw R + Rw 
dR 




R + R w  
comes up closer to 1 when Rw 
becomes smaller. The influence of the wiring resistance is 








so Lhe combination of ( 4 .  8) , ( 4 .  1 5) and ( 4 .  1 7) gives 
1 + __[ 
1 2 . ----
1 + � 
J!. .  1 2  
V 
( 4 .  1 8) 
( 4 .  1 9) 
The influence of the wiring resistance is neutralized by tha·L 
of the gap when 
p R w = v .  1 . g . ( 4. 2 0) 
In practice this compensation has little meaning, for 1 and 
g are determined by the (variable) girth of the extremity and 
adaptation of Rw is difficult to realize. For the gauges used 
(1 ""' 3 0  cm) Rw = 0 .  1 R,  so 
R 
.., 0 . 9  
R + R w 
4 .  4 .  3 .  PRACTICAL ASPECTS AND ERROR SOURCES. 
(4 .  2 1 ) 
The strain gauges should be mounted with some tension on 
the extremity fo ascertain a good fit with the skin and no 
shifting during the measurements. By this tension the skin 
and the underlying tissues are compressed in some degree. 
The elastic properties of the gauges, the skin and the under­
lying tissues therefore play an important part in determining 
the volume increase of the extremity from the measured resis­
tance change of the gauge. It is difficult to give a theoretical 
analysis of the forces in the tissues and the variations of the 
forces resulting from volume variations of the extremity, for 
the gauges have a small contact area. A few authors (Whitney, 
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1953, Sigdell, 1969) started their calculations with square or 
rectangular cross sections, but with a complete neglect of the 
margin effects, so that the results have little practical meaning. 
Some authors (Whitney, 1953, Brakkee and Vendrik, 1966, 
Hallbook et al . , 1970) have indicated that the measured value 
of the volume increase with the strain gauge can differ from 
the real volume increase of the extremity, but the influence 
of the tension of the gauge is not investigated completely. 
An experimental approach as described below c an give a 
better insight with respect to the influence of the gauge tension 
and the elastic properties of the tissues on the measured value 
of the volume increase. 
The elastic properties of the two- fold gauges were determined 
with a measuring bench with micromanipulator for the measure­
ment of the elongation and a calibrated unster for the measure­
ment of the tension. At the same time the variations in elec­
trical resistance were measured. From Fig. 4 .  13 it  is  clear 
that a linear relation exists between the tension and the rela­
tive increase in length to at least 90 grf and 5% respectively. 






40 60 80 
Fig. 4. 13.  Elastic properties of two-fold strain gauges, 
�l : relative increase in length. F: stretching force. 
100 F ( grf.) 
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Subsequently the gauges were mounted on a smooth perspex 
cylinder with the same diameter as an extremity (Fig. 4. 14 . A) 
A B 
Fig. 4 .  H,. Strain gauge stretched around a hard cyclinder (A) and round an extremity (B) .  
F :  stretching force . D: diameter of  cylinder and extremity. g :  gap. Ag :  change 
of the gap length. A 1 :  change of the gauge length. 
A: - Ag = A l .  B: - Ag # Al.  
and the resistance change was measured as a function of the 
gap change, which in this case was as great as the change in 
gauge length but with the opposite sign. Just as on the mea­
suring bench, the gauges behave linear, Fig. 4. 1 5. B.  The in­
fluence of the wiring resistance becomes evident from the fact 
that the measured curve does not fit the curve of form. (4. 8) : 
AR Al 
R= 2 -1-, Fig. 4 .  1 5 . A. 
When the gauges are mounted on an extremity, two factors 
play a role: 
1) the friction between the gauges and the skin; 
2) the elastic properties of the tissues. 
To determine the influence of the friction between the gauges 
and the skin a tension-elongation relation was measured when 
the gauges were mounted on the extremities of 3 subjects. The 
curve appears to fit completely with the curve of Fig. 4. 13 
( within the accuracy of the measurements). 
When the gauges are mounted on an extremity, the skin and 
underlying tissues are compressed ( Fig. 4.14. B) thus a change 
of the gap of -A g causes a smaller change in length A l of the 
gauge (hence a smaller resistance change) than in the case of 
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Fig. 4. 15. Electrical resistance change as a function of the change in gauge length. 
10 = 250 mm. 
A: � = 2 .il . B: gauge around a hard cylinder c'11
1) C: gauge round an extre-
"o lo o 








= 1 ,  5% the extremity is very compressible, be-
o 
cause the resistance change is small between O and 1. 5% . 
However, above 1. 5% the extremity behaves as a relatively so­
lid cylinder, though the slope of the curve is ca. 1 7% smaller 
than tlie slope of curve B.  It is reasonable that the compres­
sibility (under 1. 5%) must be ascribed to the properties of the 
skin and · subcutaneous tissue, and the muscles must be con­
sidered as little compressible. 
From the results of the above mentioned experiments it is 
to be expected that the application of measures to spread the 
pressure, exerted by the gauge, over a greater area will have 
minor results. To verify this conclusion, mica strips {length 
1 5  mm, width 6 mm, thickness 0, 2 mm) were mounted under 
the gauges. The distances between the strips were 3 mm. 
The results are given in Fig. 1 5. D. The slope of curve D above 
1 .  5% is as great as the slope of curve C .  Under 1 .  5% it looks 
as if the strips had some influence. The pressure exerted on 
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the s kin is smaller, but the gauges do not fit the extremity 
over the total girth. 
From Fig. 13 it c an be s een, that 1.  5% elongation agrees 
with a force of ca. 25 grf. When the gauges used are mounted 
the force must be at least 25 grf to utilize the linear part of 
Fig. 4 .  1 5 : C .  
With the experiments des cribed above the tension in the gau­
ges is always increased by lengthening the gauge . When meas ­
uring the volume changes of the extremities the changes in 
length are the c ause of the tension changes in the gauge . To 
v erify the relation of Fig. 4. 15:C for volume changes of the 
extremity, the amplitude of the volume puls ations and the value 
of the flow were measured in the fore arm of 3 subj ects as a 
function of the gauge tension. A typic al example is given in 
Fig. 4 .  1 6 .  The measured amplitude of the volume pulsations 
Vol.pulsations 
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20 '30 40 so 60 F (grf )  
Fig. 4. 16 .  Height o f  volume pulsations and flow i n  the foreatm as a function o f  the strechting 
force of the strain g auge, with S. D. 
A: height of volume pulsations 
B: flow values . 
and the flow values appear to be independent of the stretching 
force above ca. 20 grf. If great flows are to be measured, for 
instance of 30 ml/ 1 0 0  ml. min the volume incre as e of the extre­
mity during venous occlusion of 3 s in only 1. 5% . The increase 
of the force is then ca. 1 5  grf, s o  the domain w ere the meas-
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ured flow value is independent of the force is not exceeded. 
The optimal tension in the gauge for flow measurements is 
ca. 30 grf. The measured value of the flow shows a systema­






has to be corrected for the effect of the gap ag (see 4. 15) , 
for the effect of the wiring resistance aw (see 4. 17) and for 
the effect of the elastic properties of the tissues a e  (see Fig. 
4. 15:C) so that 
AV 
V 
( 4 .  22) 
The effect of the gap is maximally 8% for the shortest gauge. 
For a gauge with 10 = 250 mm a 8 is ca. 1. 1. From Fig. 4. 15:B 
the effect of the wiring resistance appears to be ca. 10% ( see 
4. 3. 2) , so a w  = 0. 9 .  
The slope of the linear part o f  Fig. 4. 15: C i s  ca. 25% smal­
ler than the slope of Fig. 4. 15:A.  In this result aw as well 
as ae are included. From ( 4. 22) it follows that 
A
R
R = 1. 1 0 9 0 8 AV 0 8 AV X • X • V ..,  . V ( 4 .  22. A) 
This value of the correction factor reasonably agrees with the 
value which Brakkee and Vendrik have given. 
When comparative measurements with the same subjects are 
made with Whitney plethysmographs, this systematic error is 
of little importance., but when the measurements are compared 
with other flowmeters, the corrections must be made. 
4. 5. The calf ergometer 
4. 5. 1. OBJE CTIVE 
J. Lubbers and Jw. van den Berg (Lab. of Medical Physics) 
have constructed a calfergometer. The objective of the appara­
tus is (among other things) to impose a well defined qua.lltity 
of work load on the calf muscles of normal subjects and patients . 
After the exercise or during short interruptions of the exercise 
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the flow in the calf can be measured with triggered venous 
occlusion plethysmography. 
4 .  5.  2 .  FEATURES O F  THE CALF ERGOMETER 
The present apparatus has the following features: 
a. The subj ect is in the supine position during the exercise, 
the calf being supported ca. 15 cm above heart level in 
view of the flow measurements. The height above heart 
level as well as the slope of the lower limb with the hori­
zontal plane are variable. 
b. The foot treads in a pedal, which rotates on an axis. 
The foot is fixed to the pedal by means of two strips: 
around the forefoot and around the instep. (Fig. 4. 17). 
Fig . 4 . 17 .  Scheme of calf ergometer. 
A: pedal .  B: weight arm C: measuring arm D: strain g auges . E: axis of rota­
tion with potentiometer . F: roll springs G :  brake cylinder. H: frame . I: cuff. 
J: knee supports K: fixing strips. 
The axis of rotation is adjustable with respect to the axis 
of the ankle joint, so that movements of the calf during 
exercise are reduced as much as possible. 
c. The knees can be fixed to prevent exercise of other mus­
cle groups, especially of thigh muscles. 
d. The angle of rotation of the pedals can be varied between 
5 ° and 30 °. The angle can be chosen by the subject him­
self or it can be fixed. 
e .  During the working phase the load is adjustable between 10 
Nm and 60 Nm. During the no-working phase the load can 
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be taken away or can be equal to the load during the wor­
king phase. 
f. The work done during every stroke is adjustable between 
1. 6 and 25 J .  
g .  Under dynamic conditions the following quantities are meas­
ured: 
1 .  the moment M exerted by the foot; 
2. the angle of rotation I{) and the angular velocity ii,; 
3. the power M.j, produced by the foot; 
4. the work done during the working phase; 
5 .  the number of strokes in a measuring series; 
6. the total work over the measuring series. 
The measurement of the moment and the work . 
The moment M exerted by the foot is transmitted by a meas­
uring arm to a weight arm (Fig. 4. 1 7) . Stain gauges on the 
measuring arm determine the exerted moment . The load con­
sists of roll springs, which exert a constant force on the weight 
arm. The springs ( Tensator) are used in pairs. By changing 
the springs and/ or the point of application on the weight arm 
the load can be varied. 
At the end of the working phase the coupling between the 
measuring arm and the weight arm can be interrupted. A brake 
cylinder is mounted to damp the movement of the freely return­
ing weight arm. 
The angle of rotation I{) is measured by means of a potentio­
meter. .j, is electronically calculated by a differentiator. 
From M and � the momentary power M� is calculated elec­
tronically. Over the working phase the mean power M,ii and the 
work JMdl{) are calculated. The number of  strokes and the total 
work over a measuring series are registered on counting relays. 
The pace is given by a metronome with adjustable intervals. 
In Chapter 7 measurements of the flow after exercise on the 
calf ergometer are described. 
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C H A P T E R  V 
MEASUREMENTS AT REST 
5.  1. Operational definition of rest 
In order to perform comparable measurements the conditions 
during the measurement should be standardized as well as pos­
sible. The subject is supine and relaxed on an examination 
table in a quiet room. The temperature in the room is kept 
between 2 1° C and 23 °C .  The extremities to be examined are 
supported in such a way that the muscles can be relaxed as 
well as possible.  
After the subject is in the supine position the ECG electro­
des are applied , then the cuffs and the plethysmographs. The 
measurements are started when the heart frequency has become 
practically constant, but not before 15 min after the application 
of the ECG electrodes. The cuffs are inflated two or three 
times so that the suject can become accustomed to it ( to avoid 
reactions of fright) . Moreover possible artifacts in the recor­
dings can be prevented by readjusting the cuffs. 
5. 2. Normal sujects and patients 
The normal subjects did not show any clinical sign of dis­
eases of heart and blood vessels. The age of the subjects va­
ried between 20 and 45 years. 
All the patients showed clinical signs of arterial diseases. 
Fontaine ( 1954) mentioned four stages in the seriousness of 
arterial diseases: 
1. the patient has arterial disease, but has no complaints; 
2. the patient has no pain at rest, but has pain after some 
time of exercise ( claudicatio intermittens); 
3. the patient has also pain at rest; 
4. the patient has intensive pain at rest, and necrosi� or gan-
grene. 
The measurements to be described were done on patients in 
stage 2: claudic atio intermittens. The age of the patients varied 
between 35 and 65 years. 
The measurements on patients were mainly done in the De­
partment of C ardiology (Head: Prof. Dr. J. Nieveen) of the 
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University Hospital ,  Groningen in co- operation with Dra. A .  A. 
Wouda and Drs . B .  S .  Hylkema. 
5. 3. Measuring procedure 
Influence of various parameters on the me asured value of 
the flow at rest.  
The aim of the measurements of the flow at rest is:  
a. to determine which parameters affect the measured v alue 
of the flow in forearm and calf; 
b. to determine the value these parameters should have to 
measure the flow as well as pos sible and to derive criter­
ions for the measurement of the flow after arterial occlu­
s ion and after exercise ;  
c .  to determine the significance of flow measurements at rest 
for the differentiation between normal subjects and patients , 
among other things with a view on the influence of farmacolo­
gical agents . 
5 .  3 .  1 .  FILLING STA TE OF THE VENOUS SYSTEM 
Form of the volume puls_ations 
As des cribed already in 3 .  3 .  1 .  c the venous system in the 
extremity segment to be examined should contain as little blood as 
possible at the moment the venous occlusion starts . Therefore 
the extremity is supported in such a way that the measuring 
site ( forearm or calf is 5 to 1 5  cm above heart level and the fore­
arm or calf has a slope of ca. 1 5° to the horizontal plane . The ve­
nous system at the me asuring site and distal of the plethysmograph 
is then collapsed: the transmural venous pressure is almost zero.  
The forearm is supported at two places :  at the elbow and 
the wrist ( Fig. 5 . 1 ) . The upper arm has an angle of ca. 4 5
° 
with the longitudinal axis of the body and an angle of ca. 3 0  ° 
with the horizontal plane, the forearm and the upperarm make 
an angle of ca. 1 60 ° . Graf ( 1 964) has stated that in this way 
the arterial inflow is not impeded.  
The leg is supported at both sides o1 the knee j oint ( Fig . 
5. 1) and at the foot. The upper leg and the lower leg make 
an angle of ca. 145 ° . The supports are adjustable, so that 
the height of the measuring site and the slope of the extre­
mity can be varied.  
The form of the volume pulsations in the forearm is an indi-
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A B C 
Fig . 5 .  1 .  Schematic drawing of the supports of the exiremities. 
A: heart level .  B: measuring site on the forearm. C: measuring site on the calt. 
cation of the filling state of the venous s ystem and of the level 
to which the system is filled with blood. When the measuring 
site is ca. 1 0  cm above heart level the lowest points of the 
volume pulsations are sharp (Fig. 5. 2. A) , which is necessary 
for the triggered occlusion method. When the measuring site 
A B 
Fig. 5. 2. Forms of the volume pulsations in the forearm (A) and in the calf ( B) of a nor­
mal subject at rest. 
upper trace: measuring site 10 cm above heart level; 
middle trace: measuring site at heart level; 
lower tr ace: measuring site 5 cm below heart level. 
is at heart level the pulsations are not sharp anymore and 
beneath heart level the volume pulsations are rounded. How­
ever, at the calf these differences are hardly detectable (Fig. 
5. 2. B) . 
Respiration 
From studies of the venous pres sure in the arm (Holt, 1940) 
it can be concluded that the transmural pres sure of a vein be-
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low heart level is directly related to the distance of the mea­
suring site to the heart level, so that a change of this distance 
results in a corresponding change of the venous transmural 
pres sure . If the vein is above heart level , however, the trans ­
mural pressure is independent of the hydrostatic pres sure dif­
ference between the vein and the heart because the vein collap­
ses , by which the resistance to the flow to the right atrium is 
increased (Holt , 1 941 ,  1 96 9) .  
In the latter case pressure variations in the thorax and in 
the right atrium, for instance as a result of the respiration, 
have no influence on the extra-thoracal venous pressure and venous 
volume . So variations in the base line of the plethys mograms as a 
result of the respiration do not appear ( Fig. 5 .  3 : A) . When the arm 
is supported at or below heart level variations in the baseline appear 
in the rythm of the respriation ( Fig. 5. 3. : B and C) . Flow variations 
are the cause of slow variations in the base line , see 5. 4. 1 .  
.. 
Fig. 5 .  3. Plethysmograms of the forearm of a subject at reu. 
A: forearm above heart level; 
B: forearm at heart level; 
C: forearm below heart level. 
In a supine subject the influence of the respiration on the ple­
thysmogram of the calf is less clear, becaus e the influence of 
the respiration on the intra- abdomiinal pressure. is not very 
great ( Moreno, 1 969) . Only when the leg is dependent and the 
veins are distended, the influence of the respiration is as mani­
fest as in the arm at heart level . 
Form of the curves during and after venous occlusion 
From the observations described above the differences in the 
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Fig. 5. 4. Recordings of the plethysmogram of the forearm of a supine subject at rest du­
ring triggered venous occlusion with a proximal cuff. 
A :  Forearm above heart level: 
B: Forearm at heart level: 
C: Forearm below heart level. 
Fig. 5. 4 :A gives recordings of the plethysmogram during and 
after venous occlusion when the forearm is supported above 
heart level. The application of the collecting pressure causes 
no artifact as a result ·of volume displacement from beneath 
the cuff. After occlusion durirtg 4 heart periods the collected 
blood flows away very slowly, because the venous system is 
almost collapsed so that the resistance is high. When the arm 
is supported at or below heart level the venous vascular bed 
is distended, so that there is an artifact at the onset of the 
occlusion, while the blood flows fast away as a result of the low 
resistance of the veins (Fig. 5. 4. B and C). When the arm is 
far below heart level " after drop" appears. as a re salt of the 
inertia of the blood, so that the volume of the forearm falls 
below the value at rest. 
5 . 3 . 2 . CUFF PRESSURE 
As indicated in 3. 3. 1. the cuff pressure should not have any 
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influence on the arterial inflow. To determine the optimal cuff 
pressure flow measurements were performed in the forearm 
of 5 subjects with different cuff pressures. 
A 
B 
A representative measuring series is given in Fig. 5. 5. A. 
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Fig. 5. 5. Influence of the cuff pressure on the measured value of the flow at rest In the 
forearm (Al and the calf (B). 
P :  cuff pressure (mm Hg); F : - mean flow (ml/100 ml.  min) ; t: mean occlusion 
time (s). 
Each occlusion lasted 3 heart periods, the recovery time was 
4 heart periods. Cuff pressure P was varied between 20 and 
100 mm Hg. The height of the pulses of the lower trace indi­
cates the occlusion time. The means of the flow did not differ 
significantly (Student t- test, P = 0. 05) . The standard deviation 
(SD) of the measurements within each group was about 10% of 
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the mean and did not differ significantly (F-test, a = 0. 05). 
The SD of the occlusion time within each group was 3%, the 
means of the occlusion time differed significantly in this case. 
Evidently these differences in the occlusion time are negligible 
with respect to the total SD of the flow measurements. 
For every subject a cuff pressure of 40 mm Hg was suffi­
cient to occlude all veins. 
The same measurements were made with a cuff around the 
thigh, Fig. 5. 5 .  B. A cuff pressure of 50  mm Hg appears to 
be sufficient to occlude the veins of the thigh.  With lower cuff 
pressures only the superficial veins are occluded, resulting in a 
small volume increase. These results are in agreement with 
those of Landowne and Katz ( 1942) and Ludbrook and Collins 
( 1967) . 
5. 3. 3. DURATION OF THE VENOUS OCCLUSION 
To do semicontinuous measurements it is necessary to de­
termine how short the occlusion may last and how fast the oc­
clusions may follow each other without the inaccuracy becoming 
too great. 
In general the following factors contribute to the SD of the 
flow: 
1 .  errors in measurements on the tracings; 
2 .  inconstancy of the heart frequency during the measurements; 
3. inconstancy of the flow during the measuring period. 
The errors in measurements on the tracings can be made 
small by increasing the sensitivity of the recorder, but the fac­
tors 2. and 3. cannot be influenced. When the heart frequency 
varies greatly during the measurements, for instance when 
vasoactive drugs are administered, there are two possible 
methods for making a correction: 
a. readjustroent of amplifier B ( see Fig . 4. 3) during the ex­
periment; 
b. correction of each value of the flow with the help of the 
measured occlusion time (see lower trace of Fig . 5 .  5) .  
To determine the influence of the duration of the venous oc­
clusion (n heart periods) and of the recovery time (r heart 
periods) flow measurements in the forearm of 5 normal sub­
jects were performed with varying values of n and r. Table 5. 1 
gives representative results of the measurements on one subject. 
These measurements were performed during one measuring period. 
in arbitrary sequence. The total number of measurements was 
240, done within one hour, fr0m which it appears that the trig­
gered occlusion method is very time saving. 
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From the measureme:ats it is obvious that the SD at n = 2 
is greater than that at n = 3 or higher, primarily as a result 
� 
3 4 7 20 mean 
2 4. 3 4. 1 4. 1 4 . 0 4. 1 
(0. 6) (0, 7)  (0. 6) (0 .  8) 
3 4 . 5  4, 3 4. 1 4 . 2 4. 3  
(0.  3) (0. 3) (0.  3) (0 .  2) 
4 4, 7 4. 8 5 . 0 4. 8 4. 8 
(0. 4) (0. 4) (0. 3) (0. 3) 
10 4. 6 4. 5 4. 7 4, 5 4. 5 
(0. 3) (0. 3) (0. 2) (0. 3) 
mean 4. 3 4 . 4. 4. 5 4 . 4 4 .4  
Table 5 . 1 .  Calculated flow values (with SD) in the forearm dependent on 
the duration of venous occlusion (n heart periods) and recovery 
time (r heart periods) .  Each value is the mean of 15 measure­
ments. 
of the factors 1 .  and 2 .  mentioned above.  The duration of the 
recovery period has no influence on the results for r ;;. 3 .  
During these recovery periods the venous system empties suf­
ficiently so as to have no influence on the following occlusion 
( see also Fig. 5. 4 ,A) . 
As a result of the more prominent nervous innervation of 
the forearm and hand the flow variations in the forearm are 
greater than in the calf. The conclusions drawn from the mea­
surements of the flow in the forearm therefore hold also for 
measurements of the flow in the calf. 
5 .  3 .  4 .  INFLUENCE OF A DISTAL CUFF 
To measure the flow in the forearm or calf sec, a distal 
cuff (round the wrist or round the ankle) is infiated synchro­
nously with the proximal cuff to the same pressure . By doing 
this the venous outflow of blood from the hand or foot is pre­
vented ( see 3 .  3 .  2) . 
Measurements of the flow in the calf of 5 normal subjects 
were performed both with a distal cuff and without a distal 
cuff. The results are given in Table 5. 2 .  From table 5 .  2 .  it 
is obvious that a significant difference exists between the cal­
culated flow with and without distal occlusion. Without a distal 
cuff the flow to the foot also contributes to the calculated flow 
in the calf. 
The calculated value of the flow with the use of a distal cuff 
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agrees with the real flow value in the calf, as it is shown 
from simultaneous measurements with water- or air- filled 
plethysmographs, see 5 .  5. In the formulae, derived in Chapter 
4, it is assumed that the volume increase of a segment is 
determined exclusively by the arterial inflow in that segment 
and that the inflow is distributed homogeneously in the segment. 
Flow in the calf (ml/100 ml. min). 
Subjects Without distal cuff With distal cuff 
A 5. 0 (0. 4) 2. 8 (0. 3) 
B 3. 8 (0. 5) 2 .  3 (0. 3) 
C 4 .  0 (0. 4) 2. 2 (0.  2) 
D 2. 3 (0. 3) 1 . 8  (0. 2) 
E 2. 6 (0. 2) 2. 0 (0. 2) 
Mean 3, 5 (1 .  1) 2. 2 (0. 4) 
Table 5. 2. Values of the flow in the calf of normal subjects 
with and without distal venous occlusion. 
The results of table 5. 2 agree with the measurements of 
Ehringer ( 1968) and others. 
For the diagnosis of arterial obstructive diseases the use of 
a distal cuff is in general not necessary, for then the issue is 
the maximal flow that the arterial system can supply to the 
total extremity, so that the part of the flow to the foot may 
be included - unless an increased flow to the foot suggests an 
increased flow to the calf. 
5. 4 .  Results 
5. 4 . 1 .  SHORT-TERM FLOW VARIATIONS 
In the forearms as well as in the calves spontaneous varia­
tions of the volume occur. These variations are caused by flow 
variations as a result of various control mechanisms, which 
are likely of central nervous origin. 
With triggered venous occlusion plethysmography it is pos­
sible to determine these short-lasting flow variations accura­
tely. Fig. 5. 6 gives an example of the flow variations in the 
right forearm which are synchronous with v olume variations 
in the left forearm. The value of the flow can be read directly 
from the recorder: the amplitude between the dotted lines. 
With increasing flow the volume of the forearm increases too, 
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with decreasing flow the volume decreases.  The mean flow over 
3 min is in the case of Fig. 5. 6: F = 3 .  2 ml/ 1 00 ml. min, SD 
= 0. 3 ml/ 1 00 ml. min. 
12 1 
· - _,,,)- - - - - - - - - - - -. -- - - - - -- ---
Fig. 5 .  6.  Volume pulsations and blood flow fluctuations in the forearms ( above heart level) 
of a supine subject at rest. 
upper trace: occlusion time; 
middle trace: blood flow in the right forearm, measured with triggered venous 
occlusions during 3 heart periods; 
lower trace: volume variations in the left forearm. 
The amplitude of the flow variations differs strongly from 
subject to subject. In extreme cases the variation within 20 s 
is ca. 30% of the mean flow value. It is obvious that it is not 
enough to perform one or two measurements to determine the 
flow at rest. We standardized the measurements in the fore­
arm with n = 4 and r = 5 and calculated the mean flow over 
1 5  measurements , so that the duration of a series is ca. 2 
min. 
Mos-t:ly the flow variations in the calf are considerably smal­
ler than in the forearm. We calculated the mean flow over 1 0  
measure.ments with n = 4 ,  r = 5 ,  s o  the measuring time is 
ca. 1. 5 min. The SD of the measurements is ca. 1 0% in both 
cases .  
With n = 4 some margin is introduced, especially in view 
of measurements with patients when the flow and heart fre­
quency can show larger variations . 
5 .  4 .  2 .  FLOW VALUES AS A FUNCTION OF THE MEASURING SITE ON THE EXTREMITt 
To determine the influence of the measuring site on the extre­
mity four plethysmographs were mounted on the forearm or 
calf with an interdistance of 3 cm. The proximal plethysmo-
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graph is mounted on the forearm at a distance of 6 cm from 
the elbow, on the calf at ca. 7 cm from the patella. 
Fig. 5. 7. A and B give typical examples of the results. 
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Fig. 5. 7 .  Mean values of the flow in the forearm (A) and in the calf (B) of an normal 
subject as a function of the measuring site, with the SD of the mean. 
The mean flow values are given without taking into account the 
ratio of muscle tissue/ bone tissue, which is greater for the 
more proximal plethysmographs than for the more distal ones. 
The calculated flows appear to ' be in first approximation linear­
ly related to the measuring sites. This relation differs from 
subject to subject for there are large differences in length and 
girth of the various extremities. The measurements were per­
formed on 5 subjects. The ratio of the calculated flow values 
at the site of the proximal plethysm ograph and the most distal 
one was in the most extreme case ca. 3. 5 for the forearm 
and ca. 2 for the calf. 
When the measurements are repeated on different days it 
must be seen to that the plethysmograph is mountecl at the same 
sit�. for differences in the measuring site of some centimeters 
can give significant differences in the calculated mean flow 
values. 
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5 .  4. 3. POSITION OF THE ARM. VOLUME CAPACITY OF THE VENOUS SYSTEM 
Position of the arm 
With the s ame measuring set-up as described in 5 .  4 .  2, but 
with the plethysmographs having a distance of 4 cm to measu­
re a larger segment of the forearm, the flow was determined 
as a function of the angle of the forearm with respect to the 
horizontal plane. The measuring sites were above heart level. 
The angle was varied between 0° and 45 ° . When the fore arm 
made angle of 30 ° or 45 ° with the horizontal plane it was not 
pos sible anymore to occlude during four heart periods , because 
in view of the filling of the venous system (see volume c apa­
city of the venous system) during those periods the two distal 
plEithysmographs did not record a volume increas e .  In these 
cases the occlusions lasted longer ( ca. 15 to 20 s.  ) . 
F 
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'[ c m  4 L 4  
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Fig. 5. 8. Mean values of the apparent flow (SD ca. 10"/o) as a function of the measuring site 
on the forearm and as a function of the angle of the forearm with the horizon­
tal plane. 
A: Jong thick arm; B: short thin arm. 
Fig. 5. 8 shows the results of the measurements of the flow 
in a long thick forearm and in a short thin forearm, being the 
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extremes of a group of 5 subjects. The calculated flows given 
by the gauges 1 and 2, i . e .  on the thickest part of the fore­
arm showed no significant differences as a function of the angle 
with the horizontal plane, but those from the gauges 3 and 4 
showed significant differences indeed. 
From these results it appears that the angle between the 
forearm and the horizontal plane has no influence on the cal­
culated flow values between 0° and 45 ° when the gauges are 
mounted on the thickest part of the forearm. 
Volume capacity of the venous system 
To measure the flow in extremities it is necessary that the 
pressure in the venous system does not increase too much (see 
3 .. 3. 1: c) . The volume capacity of the venous system, which we 
define as the volume difference between the collapsed venous 
system and the distended venous system with negligible trans­
mural pressure, is very important in this respect. The litera­
ture does not give many data on this volume capacity, for most 
authors (Barbey and Adam, 1965, Wood, 19 67, Walsh et al. , 1969 ,  
Moreno, 1 9 6 9, Burki and Guz, 1 970, Echt et al . ,  1972) investi­
gated only the pressure-volume relation of veins or venous 
systems at transmural pressures above zero. The pressure­
volume relation was determined among others with venous oc­
clusion plethysmography, where the cuff pressure was varied 
and the ensuing volume changes were measured. 
To get an estimation of the volume capacity the results of 
the following experiments on 5 subjects were combined. 
a. F0r each subject the pressure- volume relation of the venous 
system in the forearm and calf was determined with venous 
occlusion plethysmography. A cuff round the upperarm or thigh 
was inflated to varying pressures and the occlusion was main­
tained until a steady state was reached. After the occlusion 
the venous system emptied within 20 s and the volume reached 
the pre-occlusion level, so during the occlusion there was no 
evidence of oedema. The measuring site was above heart level, 
so that the transmural pressure at the start of the occlusion 
was practically zero. The volume increase was measured with 
two plethysmographs, the distance between them being 10 cm. 
The proximal plethysmograph was round the thickest part of 
the extremity. The mean value of the volume increase meas­
ured with the two plethysmographs was calculated. The relative 
volume increase as a function of cuff pressure and the mean 
volume increase for one subject are given in Fig. 5. 9 .  A, the 
mean values for the 5 subjects are given in Fig. 5 .  9 .  B. The 
calculated values of the relative volume increase differed 
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Fig. 5. 9. Volume increase of exuemities measured with two plethysmographs on the same 
extremity as a function of cuff pressure. 
A :  Volume increase of the forearm. The mean of the two plethysmograph rea­
d !ngs is given; 
B: Mean volume increase of the forearms of 5 subjects; 
C: Volume increase of the calf. The mean of the two plethysmograph readings 
is given; 
D: Mean volume increases of the calves of 5 subjects, 59 
greatly from one subject to another, as is also indicated by 
Burki and Guz ( 1 970) . Moreover the flow in the forearm was 
measured with the proximal plethysmograph, for from the re­
sults of Dahn and Hallbook (1 970) it has appeared that a strain 
gauge plethysmograph on the thickest part of the extremity in­
dicated the real flow in the arm very well ( see 5. 5) . The 
measurements were done with and without the use of a distal 
cuff. 
As it has been indic ated in 5. 3. 2, a pressure in the cuff 
round the upper arm of 20 mm Hg is not sufficient to occlude 
the venous sytem as a result of the pressure gradient under 
the cuff. Only with a cuff pressure of 30 mm Hg a volume in­
crease is recorded, so that the pressure- volume relation at 
cuff pressures lower than 30 mm Hg cannot be determined. 
The measured values agree with the results of Wood ( 1 965) 
and Ludbrook ( 1 966) . 
With increasing cuff pressure from ca. 23 mm Hg to 30 mm 
Hg, so an effective increase of venous pressure of ca. 7 mm 
Hg, the volume increase of the venous system appears to be 
ca .  1 .  5 ml/ 100 ml . 
b. Next the forearm was fixed in a vertical position. Immedi­
ately after that an occlusion pressure of 50 mm Hg was applied. 
After the inflation of the cuff the proximal strain gauge recor­
ded a volume increase: the blood level rised from the proximal 
to the distal plethysmograph. Only after the segment between 
the two plethysmographs was filled with blood the distal ple­
thysmograph recorded a volume increase. Fig. 5. 1 0  gives an 
example of the recordings. The curves Al and A2 are recor­
ded without the use of a distal cuff, so that the venous flow 
from the hand contributes to the filling of the segment. Curves 
Bl and B2 are recorded with distal venous occlusion. The filling 
of the segment is much slower: the time difference is about 
twice as great. The volume increase at the site of the proxi­
mal plethysmograph at the moment that the distal plethysmo­
graph indicates a volume increase is in both c ases nearly the 
same ( D..VA � D..V8 � 1 ml/ 100 ml) . From the value of the 
flow and the time, during which the segment is filled, the ne­
cessary amount of blood c an be calculated. It is supposed that 
the tissue pressure in the segment is constant and that the 
small pressure in1..:rease in the venous segment (on the average 
3. 8 mm Hg at the moment that the distal plethysmograph indi­
c ates a volume increase) is negligible. Moreover it is supposed 
that the flow in the vertical arm is as great as in the arm at 15° 
With the calculation of the volume capacity it is assumed 
that, using a distal cuff, the flow to the whole segment of the 
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forearm between the cuffs contributes to the filling of the venous 
system between the plethysmographs . 
Vol. increase 
]1 ml/10Dml 
0 10 20 30 40 50 t(s) 
Fig. 5. 10.  Volume increase in a vertical forearm (Subject D) recorded with two plethys­
mographs. Cuff pressure (50 mm Hg) is applied at time zero . 
A: records without a distal cuff: 
B: records with a distal cuff. 
If the flow is x ml/ 100 ml. min and the volume between the 
cuffs is a ml, then the flow to the segment (Q) is 
Q = � ml/ min 
100 
( 5. 1 ) 
If the blood ri:ses during y s from the proximal to the distal 
plethysmograph, then the volume increase is 
V = _x ._a_.--'Y'-- ml 
100 . 60 
( 5. 2) 
If the segment between the plethysmographs has a volume of 
b ml, then the mean volume capacity C is 
C x . a . y ml 
100. 60 . b 
x . a . y 
/ 1 ---- ml 100 m 
60 b 
( 5. 3) 
Tabel 5 .  3 gives the results of the measurements and calcula­
tions on 5 normal subje<'ts . The volumes of the segments 
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between the plethysmographs and between the cuffs were cal­
culated by means of the measured girths and the distances 
between the plethysmographs and the cuffs respectively. 
Subjects Flow at rest M ean 
with distal cuff rise time a/b Vol. cap. C 
(ml/100 ml. min) (3 exp. ) (ml/100 ml) 
(s) 
A 2 . 9  22 730/400 1 . 8  
B 2 . 7  17 600/320 1 . 4  
C 2 . 7  2 0  690/370 1 , 7  
D 1. 3 32 850/480 1 .  2 
E 2 . 1 18  650/360 1 . 1 
Mean 1 . 4  
SD 0, 3 
Table 5. 3, Measured value of the flow at rest. the rise time, the ratio of the volume of 
the segment between the cuffs and those of the segment between the plethys­
mographs and the calculated value of the mean venous volume capacity C. 
When the measurements are performed without the use of a 
distal cuff, the apparent flow is about twice as great, and the 
rise time about twice as short, see Fig. 5 .  10.  The calculated 
volume capacity, however, is nearly equal as it was with the 
use of a distal cuff. 
The calculated values agree with the volume increase which 
can be read from Fig. 5. 9 .  B at a cuff pressure of 30  mm Hg, 
i . e .  at . a  transmural venous pressure of ca. 7 mm Hg. So the 
order of magnitude of the volume capacity is ca. 1. 4 ml/ 100 
ml. 
Fig. 5 .  9. C and D give the results of long-lasting occlusions 
at varying cuff pressures at the calf. The volume increase of 
the calf was measured with two plethysmographs with a dis ­
tance of 10 cm, the calf was above heart level and made an 
angle of 15 ° with the horizontal plane . The volume increase 
at cuff pressures of 30 and 40 mm Hg averages lower than in 
the arm. This small volume increase can be expected, for 
from Fig. 5. 5. B it appears that there is no complete occlusion 
with these low pressures .  A reasonable estimation of the trans ­
mural pressures cannot be made, but it can be argued that the 
volume capacity of the venous system in the calf is not less 
than in the forearm. The distensibility of the venous system in 
the calf at higher cuff pressures ( 70-80 mm Hg) is greater 
than that of the system in the forearm. 
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To measure a fl.ow at rest of for instance 4 ml/ 100 ml. min 
the above implies that the occlusion can last ca. 20 s without 
a significant pressure increase in the venous system. When the 
fl.ow is large, for instance 40 ml/ 100 ml. min after arterial 
occlusion or after exercise, the venous system is filled aft�r 
ca. 2 s and there is a small transmural pressure. After 3,s 
the transmural venous pressure becomes ca. 15  mm Hg, but 
this pressure is negligible with respect to the perfusion pres­
sure. 
With the triggered venous occlusion method, with which it is 
possible to measure large flows accurately with an occlusion 
period of 2 or 3 heart periods (see Chapter 6) a cuff pressure 
of ca . 50 mm Hg can be used. 
5. 4 .  4 .  LONG-TERM FLOW VARIATIONS 
Measurements of the flow at rest have already been perfor­
med by many investigators with various measuring methods 
(see 5 .  5). 
From the measurements given in 5. 4. 1. it appeared that the 
flow at rest shows short term variations as well in the fore­
arm as in the calf, such that the SD over ca. 2 min is ca. 10%. 
However, it appears that there are great differences between 
the mean fl.ow values measured on different days, although the 
measuring conditions are made constant as well as possible. 
Table 5. 4 gives the mean flow values in the calf of 5 subjects, 
measured on 5 different days. 
Day 1 2 3 4 5 Mean SD 
Subject 
A 5 . 4  5 . 0 3, 8 4 . 7  3, 5 4. 5 0, 8 
B 3. 2 2 . 8 3. 5 3. 1 2 . 9 3, 1 o. 3 
C 3. 1 3. 8 4. 1 3 . 9 3, 5 3, 7 0. 4 
D 2. 1 1 . 8 2. 5 2 . 7  2. 3 2.. 3 0, 3 
E 1 . 8 2. 4 2. 5 2. 1 2.:J 2. 3 0, 4 
Tabel 5. 4 Mean value of the flow (ml/100 ml. min) in the c alf (10 measurements) on 5 
different days. The mean over 5 days with SD is also given. 
From the results of table 5. 4 it appears that the day-to-day 
variations are rather large: the SD ovez- 5 days is between 
10% and 20%. Moreover the flow at rest differs greatly be­
tween subjects. 
Concerning measurements on patients we restrict ours-elves 
to some illustrative measurements of the fl.ow at rest in the 
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calf of patients with obstructive arterial diseases. From these 
measurements it appears that the fl.ow at rest before and after des­
obstructive surgical measures does not differ significantly: see 
Tab:.. · 5. 5. 
i Blood flow in the calf 
Patient Preoperatively Posto per ati ve ly 
(6 weeks) 
A 2. 1 (0.  3) 1 . 6 (0, 2) 
B 1 . 1  (0. 2) 1 . 2  (0. 2) 
C 2. 3 (0. 2) 2 .  5 (0. 3) 
D 1 .  9 (0. 3) 2 .  7 (0. 3) 
E 2. 6 (0.  2) 2 . 5 (0. 2) 
Table 5.  5. Mean value of the flow (ml/100 ml. min) at 
rest (with SD) in the calf of 5 patients with 
obstructive arterial disease before and 6 weeks 
after reconstructive operations. 
The SD of the measurements of the fl.ow in patients is also 
about 10% to 20%, and from the mean values of the fl.ow at 
rest no criterion can be derived about the character and serious­
ness of the arterial obstructions. 
5. 5. Discussion and cone lusions 
It appears from the results of the measurements that it is 
nece·ssary to support the extremity above heart level and that 
the extremity makes some small angle with the horizontal 
plane. The volume capacity of the venous system is then suf­
ficiently large to accept the amount of blood collected during 
venous occlusion without the venous pressure becoming too high, 
provided that the oc clusion does not last too long. The respi­
ration has no influence on the form of the records and the 
artifact at inflation of the cuff becomes negligible. The value 
of the fl.ow, measured with a strain gauge plethysmograph round 
the thickest part of the extremities does not differ significantly 
from the flow in a horizontal extremity. 
The measured value of the fl.ow at rest does not appear to 
depend on the pressure in the cuff round the upperarm be ­
tween 40 mm Hg and 100 mm Hg and in the cuff round the 
thigh between 5 0  mm Hg and 100 mm Hg. The cuff pressure must 
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be minimal 40 mm Hg and 50 mm Hg for measurements of the 
flow in the forearm and calf respectively. 
With the triggered venous occlusion method it is possible to 
do sufficiently accurate measurements when the occlusion time 
(n) is three heart periods and the recovery time ( r) is also three 
heart periods .  To measure the flow at rest in the forearm and 
the calf we chose as standard method n = 4,  r· = 5 ,  so that 
there is a margin in view of measurements with patients .  The 
measurements last ca. 2 min for 15 consecutive occlusions , the 
mean value is then a good measure of 1he flow at rest. The 
SD of the measurements is ca. 10% of· the mean value.  
As the measured value of the flow depends strongly on the 
measuring site on the extremity , it must be seen to that the 
plethysmograph is mounted on the same place when the meas­
urements are repeated. 
The volume increase measured with a plethysmograph is an 
averaged value of the enclosed area, so that differentiation be­
tween the flow through bone - ,  muscle- and skin tissue a priori 
is not possible . The percentages of the above tissues in the 
enclosed area vary strongly from one subject to another .  Abram­
son and Ferris ( 1940) measured the tissue percentages in the 
forearm and hand of ca. 100 patients . Table 5. 6 gives the mean 
values . 
Tissue Volume Forearm Hand 
Skin 13. 4"/o 30. 2"/o 
Muscle 58. 6o/o 15.  5"/o 
Bone 28. (1'/o 54. :JI/• 
Table 5 .  6.  Percentages of skin, muscle and 
bone tissue in the forearm and 
hand. (After Abrams on and Ferris, 
1940). 
It is practically impossible to measure the ti.ssue percentages 
for each subject, so the results of venous occlusion plethys­
mography can hardly be  compared with the results of  for 
instance the 133xe clearance technique.  Possible corrections 
for the percentages mentioned can be only rough. 
With the strain gauge plethysmograph the relative volume 
increase of a relatively small segment of the extremity is 
measured . When the flow ( in ml/ 100 ml. min) is calculated 
from the volume increase it should be considered that the vo­
lume increase is affected by 
a. the flow through the enclosed segment ;  
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b. the blood flow from the distal parts of the extremity; 
c. the draining of blood to the proximal p arts of the extremity. 
It is clear from the influence of a cuff round ankle or wrist 
( 5. 3. 4) that the flow from distal parts of the extremity con­
tributes considerably to the volume incre ase. To what extent 
the s upply of blood to the segment enclosed by the strain- gauge 
with the use of a distal cuff contributes to the v olume increas e 
c an hardly be determined.  This also holds for the flow from 
the segment to the proximal parts of the extremity. These 
flows are als o  determined by the distensibility of the veins in 
the v ascular beds concerned. 
Many investigators have made measurements to c ompare the 
strain- gauge plethysmograph with other types to determine to 
what extent the c alculated flow values are in agreement. 
Whitney ( 19 53) and Clark and Bellon ( 19 57) compared flow 
measurements from strain- gauges on one arm and waterfilled 
plethysmographs on the other arm. Clark and Hellon found 
that the recorded flows with the waterfilled plethys mograph 
were about 9% higher than those derived by the use of strain­
g auges .  Holling et al. ( 19 6 1) obtained similar results . Dahn 
and Hallbntik ( 1970)  measured simultaneously the flow in the 
forearm with a wate rfilled plethysmograph and two s train­
g auges on the s ame forearm both at rest and after 3 min ar­
terial occlusion. They used no distal cuff. They concluded 
that s train- gauges round the thickest part of the forearm yiel­
ded about equal flow values as the waterfilled plethysmograph. 
Englund et al. ( 19 7 2) compared the results at the calf of 5 
patients with the flow supplied by a perfusion machine , which 
perfunded the limb. No distal cuff was used. They found a 
linear relation between the machine flow and the plethysmo­
graphically measured flow . Unfortunately they made no quan­
titative comparis on but concluded that the strain- gauge meas ­
ured the flow quite well. To what extent the necessary correc­
tion factors ( see 4 .  4 .  3 )  were taken into account with these 
measurements does not appear from the literature. 
The c alculated flow values · in the extremitie s· of one subj ect 
fluctuate strongly, both within one measuring series ( SD "' 10%) 
and b etween measuring s erie-s on different days (SD 10 to 20%) . 
The differences between the interindividual values of normal 
s ubje cts are even greater just like those between patients . 
There are no significant differences between the mean flows 
at rest in normal subje cts and in patients , which is demonstra­
ted from our own measurements- as well as from Table 5. 7 ,  
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which gives a review of the results of some investigators . 
Mean now 
Author Normals Patients Method Measuring site 
Hillestad 3. 6 :t 1 .  3 3 . 4  ± 1 . 0 waterpl. c alf segment 
Str an dell et al. 3 . 6 ± 1 . 2  4. 5 ± 1 . 6  air pl. calf segment 
Dahn 3. 0 ± 1. 3 3 , 4 ± 1 . 4  cuff pl. c alf segment 
Gottstein 2. 2 ± 1 . 0 2 .4  ± 1 . 0 cuff pl. calf. 
Tonnesen 1 . 6 ± 1. 0  1 .  5 ± o. 9 133xe c !car. m. g astroen 
Lassen 2 . 8 ± 1 . 5  2. 1 ± 1 .  1 133xe clear. m. tibial. ant. 
Myers 1 .  9 1 . 6 strain-gauge c alf 
Hallbook 3. 2 ± o. 2 strain-gauge c alf  
Table 5 .  7 .  Blood now at rest (ml/100 ml.  min) with SD in the calf  of normal subjects 
and of patients with obstructive arterial disease. 
From the results above it appears that the measurements of 
the flow at rest cannot contribute to the diagnosis of arterial 
diseases .  
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C H A P T E R  V I  
MEASUREMENTS AFTER ARTERIAL OC CLUSION 
6. 1. Introduction 
Though claudicatio intermittens as a clinical symptom is 
generally easy to recognize from anamnestic statements, an 
objective evaluation of the insufficiency of the peripheral cir­
culation has proved to be very intricate. This is partly due to 
the obvious facts that the patient at rest has no complaints 
and that the measurement of the flow at rest does not allow 
a differentiation between normal subjects and p2";ients. Infor­
mation about the functional capabilities of the peripheral arte­
rial system can only be obtained from measurements during 
a period of increased blood flow. 
A period of arterial occlusion is widely used to increase 
the blood flow in an extremity, the flow being measured du­
ring the reactive hyperemia following the arterial occlusion. 
Exercise of the muscle groups concerned is another method 
to increase the blood flow. We return to this subject in chap­
ter 7. 
Reactive hyperemia after arterial occlusion was described 
already by Lewis and Grant ( 1925) and was next investigated 
by many workers: Patterson and Whelan (1955) , Abramson 
( 1 961) , Dahn (1965) , Bollinger ( 1 969) and others. 
The increase of the flow after arterial occlusion is effected 
by a decrease of the tone of the vascular muscle tissue so that 
after the occlusion the peripheral resistance is low. The me­
chanisms responsible for the reduction of tone are not yet well 
known (Barcroft, 1972) .  Many workers have assumed that the 
anoxia resulting from vascular occlusion accounts for the re­
active hyperemia. Others suppose that a metabolic agent for­
med during the occlusion accounts for the reduction of local 
tone. During the arterial occlusion the pressure in the arteri­
al system distal to the cuff is decreased (Patterson and Whelan, 
1 955) so it is possible that this pressure decrease plays a role 
in the causation of reduced tone. It can be definitely stated 
that the reactive hyperemia is not dependent on the integrity 
of the sympathetic nervous system, for sympat:iectomy has no 
influence (Abramson et al. , 1941, Hyman et al, 1963) . The 
influence of the tissue temperature on the magnitude of reac-
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tive hyperemic fl.ow was investigated by Abramson ( 1967) .  He 
noted a significantly greater blood fl.ow at a bath temperature 
of 45 °C that at 17° C. 
The fl.ow during reactive hyperemia can be easily determined 
with triggered venous occlusion plethysmography. The blood 
flow to an extremity is prevented by inflating a cuff round the 
upper arm or the thigh to a supersystolic pressure. During the 
occlusion the volume of the distal part of the extremity in­
creases slightly sometimes because the bone fl.ow under the 
cuff cannot be blocked. When the cuff pressure is reduced to 
zero immediately after the end of the arterial occlusion the 
collected blood flows away rapidly . This is important for the 
measurement of great flows, for the venous system should be 
as empty as pos sible when the first venous occlusion starts 
( see 5. 4. 3) . In normal subjects the flow reaches a maximal 
value within 20 s and thereafter diminishes rapidly. 
The technical details of the triggered venous occlusion me­
thod after arterial occlusion are already described in 4. 3. 1 
and 4 .  3. 2. Fig. 6. 1 gives an example of a registration (on 
Honeywell Visicorder) of the calf fl.ow of a normal subject. 
J 15 ml/100 ml.min 
10 s 
_Ev_/_/_/_/_/_/_ 
! F I 21 31 33 28 2 7  2 5  2 0  
Fig. 6. 1 .  Flow F as a function of time after 5 min arterial occlusion. The extremity was 
supported above heart level. Pc = 50 mm Hg. 
The arterial occlusion lasted 5 min, the venous occluding pres­
sure was 50 mm Hg. The interval i was 3 heart periods ( du­
ring this time the venous system emptied again), each venous 
occlusion lasted 3 heart periods and the recovery time was 
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4 heart periods. Although the maximal flow amounted to 31 ml/ 
1 00 ml . min, there were no artifacts at the onset of the occlu­
sions and the lines through the lowest points of the pulsations 
were straight. 
When the calf is supported at heart level the lines through 
the lowest points of the pulsations are not straight anymore 
during the first phase of reactive hyperemia. Fig. 6. 2 gives 
a record of the flow in the calf of the same subject. After 
about 2 heart periods the venous system is filled and the pres­
sure has reached such a value that the measurements during 
the third heart period are not correct. Therefore the calcula­
ted values of the flow during the first phase of the reactive 
hyperemia are too low .  
J 1 5  ml/100 ml.min 
10 s 
� __/ _/ _/ _/ __/ __/_ 
! F ! 2 3 j 2 0 j 1 e  j 1 7  ! 1 6  1 1 s  1 13 
Fig. 6. 2. Flow F as a function of time after 5 min arterial occlusion measured in the 
same subject as in Fig. 6 . 1 .  However, the extremity was supported at heart 
level. Pc = 50 mm Hg. 
6. 2. Measurements on normril subjects 
6. 2. 1 .  PERIOD OF ARTERIAL OCCLUSION 
There are two factors which play an important role in the 
evaluation of the flow as a function of time after arterial occlusion: 
a. the value of the maximal flow; 
b. the time of maximal flow after the end of arterial occlusion; 
c. the total duration of the hyperemia. 
The factors a and c are strongly dependent on the period of 
arterial occlusion. 
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Fig. 6, 3. Flow in the calf of a normal subject as a function of time after different periods 
of arterial occlusion. 
-•- flow at rest. -o-: 1 min. -0-: 3 min -6.-: 5 min. -V-: 7 min. 
(nt/100ml.mW'IJ ,. 
•o:--�--+---,,_----,,...__,.ll_m_;n)-
g. 6. 4. Maximal flow in the calf of 5 normal subjects after different periods of arterial 
occlusion. 
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To determine the capabilities of the arterial system the oc­
clusion periods must necessarily be chosen long enough so that 
the vasodilatation of the occluded segment is nearly maximal. 
On the other hand, for clinical practice the occlusion period 
should be as short as possible so that the occlusion does not 
give too much discomfort to the patient. 
A typical example of our own measurements is given in Fig. 
6. 3, the measured flow being plotted as a function of time 
after periods of 1, 3 ,  5 and 7 min arterial occlusion. Fig. 6. 4 
gives the values of the maximal flow as a function of the oc­
clusion period of 5 normal subjects. It is clear that the maxi­
mal flow during the reactive hyperemia does not increase very 
much when the occlusion period lasts longer than 5 min, but 
that the period of reactive hyperemia increases. 
Our measurements agree with those of Patterson and Whelan 
(19 5 5) ,  Hillestad (1963) and Bollinger (1969) .  Apparently the 
vasodilatation after 5 min arterial occlusion is such that the 
peripheral resistance is nearly minimal . Both for normal sub­
jects and for patients we standardized the occlusion period on 
5 min. Patients with serious claudicatio intermittens can ge­
nerally endure 5 min arterial occlusion without serious objec­
tions. 
6, 2 . 2. CUFF PRESSURE 
During arterial occlusion the blood pressure in the occluded 
segment of the extremity decreases, because the blood flows 
from the arterial to the venous system. During the first phase 
of the reactive hyperemia the blood pressure is decreased with 
respect to the normal value and attains this value only after 
about 10 s. Patterson and Wheian (1955) measured the blood 
pressure in the forearm intra-arterially proximal and distal 
to the cuff during and after arterial occlusion on the upper 
arm and found a transient decrease to about 40 mm Hg. 
To determine the influence of the cuff during venous occlu­
sion we measured the flow in the calf of 3 normal subjects 
after 5 min arterial occlusion with cuff pressures of 50 ,  60 
and 70 mm Hg respectively . The results of a typical- experi­
ment are given in Fig. 6. 5 .  When the cuff pressure is 70 mm 
Hg the measured flow values are too low, while th.ere were no 
significant differences between the flows measured with 50 or 
60 mm Hg. With a cuff pressure of 70 mm Hg (which does not 
affect the relatively small flow at rest) the arteries under the 
cuff are evidently narrowed to such a degree that with great 
flows there is a serious impediment, which does not occur 
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Fig. 6. 5. Typical curves of the flow F in the calf of a normal subject after 5 min. arterial 
occlusion with 3 different venous occluding pressures. -6-: Pc = 50 mm Hg. 
-o-: Pc = 60 mm Hg. -A--: Pc = 70 mm Hg. 
with lower cuff pressures. The cuff pressure should not be 
chosen below 50 mm Hg for measurements of the flow in the 
calf, because from the results of 5. 3. 2 it appears that then 
the pressure is not high enough to occlude the venous system 
completely. 
6 .  2 .  3 .  SHORT-TERM AND WNG-TERM REPRODUCIBILITY 
Clinically flow measurements after arterial occlusion are 
widely used to determine the capabilities of the arterial sy­
stem. Therefore it is necessary that the measurements are 
reproducible, i . e. that the same values are measured on dif­
ferent days. 
Differences in the results on various days can arise as a 
result of 
a. the measuring method; 
b. the physiological variability of the subject. 
a. The differences which arise as a result of the measuring 
method can be kept small when the necessary precautions are 
observed with respect to the supporting of the extremity and 
the mounting of the plethysmograph (see 5 .  3. 1 and 5 .  4. 2) . The 
values of the maximal flow in the calf after 5 min arterial oc:­
clusion do not differ significantly when the measurements are 
repeated with intervals of about 10 min. Fig. 6. 6 gives re­
presentative curves of the flow in the calf of a normal subject. 
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Fig. 6. 7. Flow measurements in the calf of a normal subject after 5 min arterial occlusion 
on 4 different days. 
Days Mean Coeff. 
Subject Leg 1 2 3 4 of V ar ("lo) 
A left 23 . 8 18. 8 23. 6 26 0 23. 1 13 
right 29. 7  31. 0 32. 8  34. 9 32. 1 7 
B left 20. 0 22. 8 24. 5 18 . 5 20.  8 14 
right 19. 9 25. 5 25 . '.7 24. 0 23. 8  11 
C left 39. 6 39. 5  30. 5 29. 5 35. 0 18  
right 36. 3 36. 6 29. 5  28. 9  32 . 8  13 
D left 29. 8 32. 0 35. 8  33, 4 32 . 7  8 
E left 25. 8 28. 7 26. 2 21 .  4 25. 5 12 
F left 35. 7  33. 2  38 . 6 32 . 8  35. 1 7 
G left 26 . 2  28. 1 33. 1 24. 3 27 . 9  11 
Mean of  the le s 28 . 9 12 
SD 5 . 4  (18 . So/o) 
Table 6 . 1 .  M aximal flow (ml/100 ml. min) in the calf of normal subjects after 5 min 
arterial occlusion on 4 different days, the mean and the coefficient of variation. 
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Fig. 6. 6. Representative measurements of the flow in the calf of a normal subject after 
5 min. arterial occlusion with inrPrvals nf 10 min between the occlusions. 
--- :  flow at rest, -o- first occl. -a- sec . occl. -v- thirel occl. 
The maximal flow after the second and third arterial occlu­
sion is slightly increased, while the duration of reactive hyper­
emia is decreased. Eichna and Wilkins ( 1941) named this ef­
fect " augmentation". The differences are small, however, ca. 
5% of the mean value. 
b. The differences resulting from physiological variations of 
the subjects appear when the measurements are repeated on 
different days while the precautions mentioned at a. are ob­
served. Fig. 6. 7 gives representative curves of the flow in 
the calf of a normal subject on 4 different days. Table 6.1. 
gives the values of the maximal flow in the calf after 5 min 
arterial . occlusion of 10 extremities ( 7 .;;uhjects), the means 
and the coefficient of variation. 
The SD's of 4 measurements on each leg do not differ sig­
nificantly (F-test, a = o. 05), so these SD' s  can be combined 
to the SD of all the measurements, the latter being about- 12% 
of the mean of the legs. The SD of the mean, calculated from 
the means of the legs, is much greater, 18, 5%. 
6. ::s Measurements on patients before and after operation 
In patients with arteriosclerotic vascular disease there are 
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mostly stenoses or obstructions in one or more large arteries, 
which cause claudicatio intermittens . The object of reconstruc­
tive operations is to obtain an increase of the flow to the dis­
tal tissues by eliminating the obstruction. Generally these oper­
ations are only possible with obstruct10ns of large arteries ,  i. e .  
in  the aorto-iliacal or  femoral traject. 
Pre -operatively an arteriogram is made of the arteries con­
cerned. The arteriogram gives information about the anatomy 
of the arteries but does not provide information about the func­
tional capabilities of the arterial system. Arteriography cannot 
frequently be repeated for follow-up studies and this is a seri­
ous drawback. 
In behalf of the indication for operations and the evaluation 
of the results a quantitative determination of the flow to the 
distal tis sues is very important. Therefore the flow during 
reactive hyperemia after 5 min arterial occlusion is measured 
pre- operatively. The measurements are repeated 6 weeks after 
the operation, unless there are operation wounds at the thigh. 
In all of the cases the measurements are repeated 6 months 
after the operation. 
Both pre- operatively and post- operatively other non-invasive 
measuring methods are used: photoelectric plethysmography 
on the great toes , oscillography and blood pressure measure­
ments with the Doppler ultrasound flowmeter. We shall not 
dis cuss these measurements in this thesis . 
It is beyond the scope of this thesis to give a review of the 
measurements of a great number of patients. We confine our­
selves to some repres entative measurements before and after 
operations . In 6. 4 we shall refer to the literature of great 
numbers of measurements on patients . 
Patient A ( 47) had serious claudicatio intermittens in the left 
leg. Arteriographically an obstruction of the left a. iliaca ex­
terna was diagnosed. 
Fig. 6 .  8 gives the flow during reactive hyperemia in both 
legs . The maximal flow in the left leg was 7 .  5 ml/ 1 00 ml. min, 
after 25 s ,  the hyperemia lasted very long. In the right leg 
the maximal flow was 1 9 .  5 ml/ 1 00 .  ml. min, the maxi.lllum was 
reached after 1 3  s and the flow diminished rapidly to the value 
at rest. 
Six weeks after the des obstructive operation the maximal 
flow in the left leg was 1 5 . 5 ml/ 1 00 ml. min, the maximum 
was reached after 1 6  s and the flow as a function of time was 
normalized. The flow in the right leg was the same as the pre­
operative flow. 
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Fig. 6. 8. Flow in the calf of patient A after 5 min arterial occlusion. 
L: left leg. R: right leg. --- :  flow at rest, -----0-preoperative. --a- 6 weeks 
post- operative- �--6 moths post- operative. 
After six months the flow in the left leg was nearly the 
same as that after six weeks. The patient had no complaints 
anymore. 
Patient B ( 62) had been suffering from claudicatio intermittens 
for one year, in the left leg more seriously than in the right 
leg. Arteriographically an obstruction of the left a. iliaca 
communis and stenoses of the right a. iliaca communis were 
diagnosed. 
Pre- operatively the maximal flow in the left leg was 13 ml/ 
100 ml. min, the maximum was reached after 30 s (Fig. 6. 9). 
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Fig. 6, 9. Flow in the calf of patient B after 5 min. art, occlusion. See legend of Fig. 6. 8,  
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The maximal flow in the right leg was also 13 ml/ 100 ml. min 
but was reached after 8 s. 
Six weeks after operation the maximal flow in the left leg 
was not increased, but the maximum was reached after 10 s. 
The flow in the right leg was not changed. 
Six months after operation the maximal flow in the left leg 
was increased to 21 ml/ 100 ml. min, the maximum was reached 
after 10 s .  In the right leg too the maximal flow was increased 
to 1 7 ml/ 100 ml. min, the maximum was reached after 8 s. 
The patient had no complaints anymore. 
Patient C ( 48) had been suffering for some years from increasing 
claudicatio intermittens, both in the right leg and in the left 
leg. Arteriographically an obstruction of the left a. iliaca com­
munis and a stenosis of the right a. iliaca communis were 
diagnosed. 
Pre-operatively the maximal flow in the left leg was only 6 
ml/ 100 ml. min, the maximum was reached after 30 s (Fig. 
6. 10). The maximal flow in the right leg was 9 ml/ 100 ml. min 











Fig. 6. 10. Flow In the calf of patient C after 5 min. art. occlusion. See legend of Fig. 6. a.  
The measurements could not be performed six weeks after 
the operation owing to special circumstances. 
Six months after a desobstructive operation the maximal 
flow in the left leg was 20. 5 ml/ 100 ml. min, the maximum 
was reached after 18 s .  In the right leg the maximal flow was 
1 5  ml/ 100 ml. min and was also reached after 18 s. The pa­
tient had no complaints anymore. 
7 8  
Patient D ( 62) had for one year been suffering from claudi­
catio intermittens in the right leg. Arteriographically serious 
sclerosis of the large arteries and an obstruction of the right 
a. femoralis superficialis were diagnosed . 
Pre- operatively the maximal flow in the left leg was 6 ml/ 
100  ml. min and was reached after 50 s, in the right leg the 
maximal flow was 4. 5 ml/ 1 00 ml. min (Fig. 6 .  1 1 ) .  In the right 
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Fig. 6. 11. Flow in the calf of patient .D after 5 min art. occlusion See legend of Fig. 6. 8 .  
The flow was not measured 6 weeks after the operation 
owing to the operation wound . 
After 6 months the flow in the left leg was 1 1  ml/ 1 00 1. : l .  
min, and was reached after 9 s.  In the right leg the maximal 
flow was 1 7 .  5 ml/ 1 00 ml. min, the maximum was reached 
after 8 s .  The patient had no complaints anymore . 
Patient E ( 54) had- suffered from claudicatio intermittens in tlie 
right leg for some time . Arteriographically an obi;, __ uction _ f  
the right a. iliaca communis was diagnosed. 
Pre - operatively the maximal flow in the left leg was 1 8  ml/ 
100 ml. min, the maximum was reached after 25 s. In the right 
leg the maximal flow was 8 ml/ 100  ml. min after 40 s ( Fig. 
6. 1 2) .  
Six weeks after the operation the maximal flow in the left 
leg was not changed, although the maximum was already rea­
ched after 1 7  s. The flow in the right leg was increased to 1 1  
ml/ 1 00 ml. min, after 30 s . .  
Six months after the operation the maximal flow in the right 
leg was 1 3  ml/ 100  ml. min, the maximum was reached after 
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30 s ,  but the flow did not decrease rapidly . The maximal 
flow in the left leg was decreased to 1 1  ml/ 100 ml . min, also 
after 30 s .  However, the patient had no complaints . 
F 
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Fig. 6..  12. Flow in the calf of patient E after 5 min art. occlusion. See legend of Fig. 6. 8. 
Patient F ( 54) had been suffering from claudicatio intermit­
tens for one year in the left leg. Arteriographically an ob­
struction of the left a. femoralis superficalis was diagnosed. 
Pre- operatively the maximal flow in the left leg was about 
9 ml/ 100 ml. min ( Fig. 6 . 13) . The maximum was reached 
after 5 s, but diminished slowly . In the right leg the flow was 
12 ml/ 100 ml. min, and was reached after 9 s. The flow as 











Fig. 6. 13. Flow in the calf of patient F after 5 min art, occlusion. See legend of Fig. 6. 8.  
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After 6 weeks the measurements could not be performed 
owing to the operation wound. 
After 6 months the maximal flow in the left leg was 13 ml/ 
100  ml. min, the maximum was reached after 10 s. The max­
imal flow in the right leg was increased a little. Now, how­
ever the patient had serious claudication complaints in the right 
leg, mainly in the foot. Further examination was necessary. 
We return to this case in Chapter 7. 
Table 6. 2 gives the pre-operative and the 6 months post­
operative results of the 6 patients. 
Patient Max. flow Time of max. flow 
Pre-op. Post-op. Pte-op Post-op. 
D C D C D C D C 
A 7 . 5  19. 5 15. 5 19. 5  25 13 13 13 
B 13. 0 13. 0 21 .  0 17 . 0 30 8 9 8 
C 6. 0 9. 0 20. 5 15 . 0 30 18 25 18 
D 4. 5 6 . 0 17 . 5 11 .  0 50 15 9 8 
E 8. 0 18. 0 13. 0 1 1 .  0 40 16 30 30 
F 9, 0 12. 0 13. 0 14. 0 5 9 10 9 
Table 6. 2. Results of the pre-operative and 6 months post-operative 
measurements of the maximal flow (ml/100 ml. min) after 
5 min arterial occl1:1sion and the time of maximal flow (s 
after art. occl. ) .  D = diseased leg . C = contralateral leg 
(in some cases also affected) . 
When the results of measurements on patients are compared 
with those on normal subjects it must be considered that pa­
tients who have been operated upon have no normal functioning 
arterial system although the main obstruction is removed by 
the operation. Therefore the post-operatively measured flow 
values are still low as compared to those in normal subjects. 
Mostly the flow values are increased however a-fter the oper­
ation. In mo� t  cases the flow as a function of time is norma­
lized after operation, which is obvious from the time of maxi­
mal flow after arterial occlusion and from a rapid decrease 
of the flow to the level at rest after the time that the maxi­
mum was reached. 
6 .  4 .  Discussion and conclusions 
The pattern of the flow as a function of time after a period 
of arterial occlusion can be explained hemodynamically although 
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it is not quite clear what metabolic agents are responsible for 
the vasodilatation. 
At the moment when the arterial occlusion is ended the flow 
is zero, while the pres sure in the occluded vascular bed is 
low. After the occlusion the blood begins to flow again and the 
arterial pressure increases.  After some time the flow reaches 
a maximal value. As a result of the increased flow the vas o­
dilatation diminishes so that the flow decreases rapidly. In 
normal subjects the flow reaches the value at rest again within 
4 min. 
During the first 20 a 30 s after the end of the arterial 
occlusion the flow changes strongly . The flow value mea­
sured with venous occlusion plethysmography is a mean 
value over the oc clusion time . To determine accurately the 
flow as a function of time the venous occlusion period should 
not be chosen too long . With the triggered venous occlusion 
method the mean flow during 2 or 3 heart periods can be 
determine<! and during this short time the flow does not vary 
too strongly. Moreover the volume capacity of the venous 
system is great enough to contain the collected blood without 
the venous pressure becoming too high. 
During the first phase of the reactive hyperemia the venous 
occlusion pres sure should not be higher than 60 mm Hg. Other­
wise the arterial inflow is impeded. A cuff pres sure of 50 mm 
Hg is most favorable, because in all the normal subj ects and 
the patients venous occlusion then is still complete. In patients 
with serious obstruction of the large arteries the blood pres­
sure distal of the obstruction is very low after arterial occlu­
sion ( Delius , 1 969) . Possibly a cuff pressure of 50 mm Hg then 
is too high, so that the arterial inflow in impeded during the first 
phase of the hyperemia and the measured flow v alue is too low . 
Only when the pressure distal to the obstruction is increased 
the flow values will be measured correctly, unless the diastolic 
blood pres sure at rest is very low too. However,  a constant 
flow for a long time after arterial occlus ion cannot be due to 
impediments of the inflow during the short venous occlusions , 
because the flow is not impeded between occlusions . 
From our results the conclusion can be drawn that the maxi­
mal flow during reactive hyperemia c an be me asured very well, 
except in such cases where the blood pre ssure is extremely 
low. 
Table 6. 3 gives a review of maximal flow values in the calf 
of normal subjects after 5 min arterial occlusion as given by 
some authors . 
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The mean values measured by the diffe rent authors vary con­
siderably. Especially the low values given by Myers are nota­
ble. Most likely this is due to the position of the subJec:t  ' ' the 
subj ects reclined with the leg elevated to heart level on a. 
frame".  
Table 6 .  4 gives a review of maximal flow values in the c: alf 
of patients with obstr�ctive vascular dise ases after  5 min :.i.r ­
terial occlusion. From these results the values given by 













(ml/100 ml .  min) 
36. 3  ± 7 . 2  
28 . 2 ± 7 . 6  
17 . 5  ( 1 1 . 6-28. 8) 
1 1 . 6 ± 5 . 1  
28 . 9 ± 5. 4 
Number 
of legs 




1 0  
t--leasuring 
method 
Dohn c u ff 
\vater pleth 
Strain g auge 
133xe c lear. 
Strain g auge 
r-.te asuring 
sue 
calf  segmeni 
cal l  sel.\ ment 
L a ll 
m. rib. ant. 
calf  
Table 6 .  3 .  Maximal flow (with SD or range) after 5 min art occlusion in the calf 
of normal subjects. In the results of Barendsen me asurements from 
Chapter 7 are also included. 
A uthor Max . flow Number Seriousness anJ t--le asuring t--le asuring 
(m l/100 ml. min) of legs location of method site 
disease 
Strandell ( 1963) 19 . 1 ± 7 . 9  7 one leg affected Dohn cuff ca l f  seg m .  
id  12. 8 ± 6 . 9  8 both legs a ffecteJ id id 
Hil lestad (1963) 9 . 5  ± 4 . 4  34 no patients with Water pl. calf seg m.  
advanced disease 
Myers (1964) 3. 7 ( 1 .2-9.3) 80 Strain gauge calf  
S iggaard-
Andersen ( 1965) 1 8 . 7  ± 5 . 2  28 only sclerosis Dohn cuff calf 
id  5 .  7 ± 3 .  8 72 obs tr .  a.  fem .  sup. id id 
id 4 .  0 ± 1 .  8 26 obstr. a. i liac a id id 
Barendsen ( 197 3) 1 1 . 3 ± 4 . 4  1 0  obstr. a .  fem .  sup Strain gauge cal f  
or  a .  iliaca 
Table 6. 4 .  Maximal flow (with SD or range) in the calf of patients after 5 min arteri a l  occlusion. 
In the results of Barendsen, measurements of  the flow in patients from Chapter 7 are 
also included. 
The number of our group of patients is too low to draw gene­
ral conclusions as to the maximal flow in patients, but our 
results agree with those of  Hillestad and Strandell. The coeffi-
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cient of variation (v. c) which can be calculated from the re­
sults of table 6. 4 are very great. Therefore there is little 
sense in combining the results of different patients. Moreover 
the localisation of the main obstruction and the seriousness of 
a more general sclerosis of the arterial system in the leg 
determine the flow in the calf (Ehringer, 1967) .  
Our patients form a relative homogeneous group in view of 
their complaints. The claudication distances of these patients 
were between 1 00 and 500 m. However, the claudication dis­
tances from anamnestic statements are very subjective and de­
pend strongly on the walking speed and walking technique. When 
the walking speed is standardized, for instance with a tread­
mill, the claudication distance does not appear to correlate 
with the measured flow values (Hillestad 1963) . 
From ten patients of table 6. 4 there were five patients with 
an obstruction of the a. iliaca communis or a. iliaca externa 
and five patients with obstructions of the a. femoralis super­
ficialis. With these patients it could not be determined whether 
there was an influence of the localisation of the obstruction on 
the maximal flow. Therefore further investigations on patients 
should be performed, taking into account that the thigh is also 
loaded during walking. 
From the literature but few determinations concerning the 
reproducibility of the measurements on different days are 
known. Hillestad ( 196 3) measured the maximal flow after 5 
min arterial occlusion in the calf of 10 patients in the course 
of 4 months ( once a month) and noted a v. c .  of 18. 8% for the 
individual patient. Tpnnesen ( 1967) examined one normal sub­
ject on 6 different days and found a v. c. of about 25%. Sig­
gaar'd-Andersen ( 1965) examined 9 normal subjects on 5 dif­
ferent days and calculated a v.  c. of all the measurements of 
about 13% .  
From our experiments the v .  c .  is 12% o f  the total mean. 
T he v. c .  for the individual extremity varies between 7% and 
1 8%.  Generally the measurements are sufficiently reproducible 
to allow a differentiation with respect to the pre- operative and 
post- operative results and to allow follow-up studies on pa­
tients. 
In conclusion we might state that the determination of the 
flow after 5 min arterial occlusion gives a good indication 
about the seriousness of the obstruction and about the flow yet 
admitted by the arterial system to the legs, whic h can contri­
bute to the diagnosis of the disease and the indication to oper­
ation. To what extent the flow after 5 min arterial occlusion 
is an indication about the functional capabilities of the arterial 
system during exercise we shall reexamine in Chapter 7. 
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C H A P T E R  7 
MEASUREMENTS AFTER EXERCISE 
7 . 1 . Introduction 
During exercise the muscles need much more oxygen and me -
tabolic substrates than at rest . To satisfy the heightened needs 
the flow to the muscles must increase depending on the degree 
of work performed . As a result ,  various regulatory mechanisms 
come into operation, by which- a strong local vasodilatation oc -
curs in the muscles and with heavy exercise also general car -
diovascular readjustments take place : the cardiac output increases 
through an acceleration of the rate of contraction and an increase 
in stroke volume.  Moreover the blood pressure increases and 
the blood supply to the various vascular beds is readjusted .  
A s  with reactive hyperemia after arterial occlusion little is 
known about the causes of the vasodilatation during and after 
muscular exercise (Wahren and Hagenfeldt , 1 96 8) . Anoxia a s  
well a s  metabolic factors (lactic acid among others) have influ ­
ence on the flow, while central nervous mechanisms possibly 
play an active role . 
During strong contractions the flow in the muscles is reduced 
because the blood vessels are compressed by the intramuscular 
pressure . After a contraction of the muscles the flow is increa­
sed (post- exercise hyperemia) . Thus the flow varies strongly 
during rhythmical exercise .  The flow during post- exercise hypere­
mia is dependent on the amount of work performed. Immediately 
after the termination of the exercise the flow is greatest and then 
the flow decreases to the level at rest again . After heavy exercise 
the cardiac output decreases again, as does the blood pres sure , 
while the local vasodilatation decreases as  a result of the in ­
creased flow . 
In all subjects fatigue sets in after a time of severe exercise ,  
because the flow cannot supply an adequate amount of oxygen and 
foodstuffs to satisfy the heightened needs and the reserves b e ­
come exhausted . 
In patients with claudicatio intermittens pain develops already 
after a period of light to moderate exercise,  because the flow 
is limited owing to arterial obstructions . The amount of work 
performed by the calf muscles during walking depends on the 
walking technique and the walking speed ( see also 6 .  4) . 
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Me asurements of the flow during exercise are only performed 
with the 133Xe clearance method ( T¢mnesen 19 64 , 1965,  1972) . 
Flow measurements in the calf with venous occlusion plethys­
mography are not technically simple to perform, because the 
muscles move strongly and the volume (or girth) changes during 
the contractions, while the increased intra-muscular pressure 
expels blood bene ath the cuff (Barcroft, 1949) . 
Measurement of the post-exercise hyperemia is technically 
rather simple, but then the extremity must be supported above 
heart le vel (see 6. 1 ) .  Therefore the subject must be in the su­
pine position during the exercise. The calfergometer described 
in 4. 5 is based upon this principle. With triggered venous oc­
clusion plethysmography the flow can be determined within 3 s 
after the end of the e xercise. In the following paragraphs we 
shall examine how the post-exercise hyperemia depends on the 
amount of work performed, both in normal subjects and in pa­
tients, and to what extent the post-exercise hyperemia is a. 
measure for the functional capabilities of the arterial system. 
Moreover the flow after arterial occlusion and that after exer­
cise will be compare d. 
An amount of work can be performed by the calf muscles in 
two extreme ways: 
a. supplying a low power for a long time ; 
b .  supplying a high power for a short time . 
The power supplied depends on the value of the moment the foot 
must exert to overcome the force of the roll springs (see 4. 5) . 
Moreover the work performed depends on the angle of rotation 
of the foot, which was fixed in the following experiments on 20°, 
and the pace of the movements. After various experiments it 
became clear that ;;. pa�e of 30 strokes per minute was most 
convenient to mos'. normal subjects and patients, so that all 
the experiments were performed in this pace . 
Table 7 .  1 gives a review of the standard loads and the work 
performed with each stroke under the conditions mentioned above. 
Moment (Nm) 14 17 22 27 34 44 56 
Work per stroke (J) 5 0 6 . 0 7 . 7  9 . 5 12. 0 15. 5 19 . 5 
Mean power (W) 2 . 5 3 . 0 3 . 9 4. 8 6 . 0 7 . 8 9 . 8 -
Table 7 . 1 . Standard loads to be imposed upon normal .subjects and pa-
tients. 
The extra work performed by a subject ( 70 kg) during walking 
with a speed of 5. 5 km per hour can be estimated at 290 W, 
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e . g.  145  W per leg .  If the efficiency is 25% the power per leg 
is 36 W.  If an equal amount of work is performed by the leg 
muscles per unit of mass and the ratio of the masses of the 
thigh muscles and calf muscles is 2. 5 to 1 ,  than the power is 
10 W per calf. With a pace of 2 steps per second the work is  
1 0  J per step. 
In another way too an estimation of the work per step can be 
obtained. During normal walking the center of gravity of the 
body rises about 3. 5 cm. If the contribution of the calf muscles 
to this rise is about 1 cm, the amount of work is about 7 J 
per step. However, this is only the static work. It seems re a­
s onable to estimate the dynamic work performed with the off­
take at about 3 J per step, s o  that the total work per step is 
about 10 J .  For most of the normal subjects a load of 3 W c an 
tie considered light . 
7 .  2. Measurements on normal subjects 
7 .  2. 1. FLOW AFTER LIGHT TO MODERATE LOADS 
Fig. 7 .  1 is a record of the exercise hyperemia after light 
exercise of the calf muscle s .  The large deflections of the re-
I20ml/100 ml. min 
____lli/ _/ _/ _/ _/ _/ _/ _/ _/ _/ _/ _/ _/_ 
I F I 20 I 19 j 1e j 11 1 1s I r, 1 1 2 ! 10 I 9 I 7 I s I s I s I 
Fig. 7 . 1  Flow (ml/100 ml. min} as a function of time after 1 min light exercise (load 3 W) .  
c orderpen at the beginning of the record are c aused by the 
muscle contractions during the exercise.  Tw o heart periods af­
ter the end of the exercise the first venous occlusion takes place. 
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During and after the exercise the he art frequency is not increa­
sed, which is also shown by the occlusion periods (given by the 
lower trace) which are virtually the same.  Immediately after 
the end of the exercise the flow is greatest and then decreases  
rapidly until the level at rest is reached. 
After light to moderate loads (< 4 W) the highest value of the 
flow and the duration of the hyperemia do not depend strongly 
on the time of exercise . 
Table 7 .  2 gives representative results of the flow values im­
mediately after exercise with a load of 3W as function of the time 
of exercise, and thus of the total amount of work performed. 
Time of exercise (min) 1 2 3 5 
Work (J) 190 380 560 890 
Flow (ml/100 ml. min) 13. 0 13 . 5 1 7 .  0 15 . 5 
Table 7 .  2. Highest flow after exercise as a function of the total 
work in the calf of a normal subject at a load of 3W . 
With a light to moderate load the flow to the mus cles is appa­
rently sufficiently large to s atisfy the needs of oxygen and food­
stuffs . The flow reaches an equilibrium level. There are no ge­
neral c ardiovascular reactions : the heart frequency and the blood 
pre s sure do not increase significantly .  
The short-term reproducibility of  the measurements is  very 
good. The SD of 5 consecutive measurements is les s  than 1 0% 
of the mean value . When the measurements are repeated on 
different days the SD is somewhat greater, about 14% of the 
mean value . In normal subjects the flow does not reach a maxi­
mal value (see 7 . 2 . 2 . )  with these loads, so the flow afte r 
light to moderate exercise can give no information about the 
functional c apabilities of the arterial system in the legs. 
7 .  2. 2 .  FWW AFTE R HEAV Y TO VERY HEAV Y EXERCISE 
Fig. 7 .  2 is an example of flow measurements in the calf of 
a normal s ubject after heavy exercis e .  For s ome time after the 
end of the exercise the flow appears to be c onstant and only 
after this time the flow decreacies slowly to the level at rest . 
The flow in the calf reaches s o  to s ay a plateau, a sub-maxi­
mal value F . 
At the end of the exercise the heart frequency has increased, 
which als o  appears from the shorter occlusi on periods during 
the first phase of the hyperemia. (The value s  of the flow, read 
from the recorder, are corrected for this s horter occlusion 
time . ) Moreove r the blood pressure, me asured auscultatorily 
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I F I 2s I 2s I 21  I 21 I 21 I 2s I 2s I 24 I 22 I 22 I 21 I 21 I 20 I 20 I 
Fig. 7 .  2 Flow F (ml/100 ml. min) as a functoin of time after 1 min heavy exercise (load 
9.  8 W). 
at the arm during the last half minute of the exercise ,  has in­
c reased too. The heart frequency decreases  rapidly after the 
end of the exercise and within 1 min the heart frequency has 
become practically constant. From the record it appears that 
these high flows can be measured too with a venous occluding 
pressure of 5 0  mm Hg, for the lines through the lowest points 
of the pulsations during the venous occlusions are straight (see 
also  6 .  1) . 
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Fig. 7 .  3 Flow as a function of time in the calf of a normal - subject after 1 min exercise 
with increasing loads and after arterial occlusion ---- :  flow at rest, -- : 
3 w. -0- : 4. 8 w. 
--'v-: 6 W. --o- 7 . 8  W.  -l:::,.- 9. 8 W.  -a -: flow after art. occl. 
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Fig. 7. 3 gives the results of flow measurements as a func­
tion of time after the s.ame periods ( 1  min) of exercise with in­
creasing loads. With a load of 6 W the flow reached a plateau 
immediately after the exercise. With higher loads the value of 
the flow plateau was incrP::ised and the hyµeremia lasted longer. 
The increase 01 the value of the flow c an be ascribed to an increase 
of the blood pressure. First the flow increases as the result of the 
increased blood pressure when the peripheral resistance would 
be constant, secondly the increased pressure causes a further 
decrease of the peripheral resistance, because the transmural 
pressure of the arterioles increases and so does the diameter 
of these vessels and that of the capillaries. 
Nearly the same results are obtained when the period of the 
exercisE: is increased with a constant heavy load. Fig. 7. 4. 
gives an example of the flow after various exercise periods 
with a load of 4. 8 W. The blood pressure at the end of the 
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Fig . 7 .  4 Flow in tne calf of a normal subject as a function of time after e:xerclSe with a 
load of 4. 8 W during increasing exercise periods and after art. occlusion . ---:  
flow at  rest. -•- : 0. 5 min. -0--- : 1 min. -'iJ-: 2 min. -o- : 3 
min. -l!,.-: 5 min. -•-: flow after art. occl. 
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Inset: blood pressure B P  as a function o f  the work W .  Ps: systolic pressure, Pd: dla· 
stolic pressure. M : mean pressure . The quotients of the mean pressure and 
the maximal f low are also given. 
From the mean blood pressure (mm Hg) and the flow (ml/ 
10 1 · ) h 1 1  • h 1 . 1 1  ( 
mm Hg. 10 0 ml. min 
) O m . mm t e perip era resistance ml 
can be calculated which as a function of the work performed 
appears to decrease somewhat. 
To compare the values of the flow after exercise with those 
after 5 min arterial occlusion the latter were measured in the 
same measuring series and are given also in Fig . 7 .  4. The 
maximal flow after arterial occlusion was practically as great 
as the flow after such an amount of work that the flow just 
reaches a plateau. 
Table 7. 3 gives the results of the measurements on 5 nor­
mal subjects .  The maximal flow after arterial occlusion, the 
flow after exercise when a plateau is just reached (Fp), the 
load and the total work are given. The measqrements were 
performed with an interval of 10 min. 
Subject Max. flow Flow F Load Work 
after art. occl. after exe�cise 
(ml/100 ml. min) (ml/100 ml. min) (W) (J) 
D 29. 0 29. 2 4. 5 640 
E 22. 3  23. 6 4. 5 650 
F 34. 1 35. 5 9 . 5 650 
G 31 . 4  33. 0 7 . 0  450 
H 25. 0 25. 2 4. 5 960 
Table 7. 3. Maximal flow after 5 min art. occlusion and sub­
maximal flow after exercise F . The load and the 
total work are also given. 
From table 7 .  3 it appears that the flow after 5 min art. oc­
clusion agrees with the flow after sub-maximal exercise, i-. e. 
after an amount of work when the heart frequency and the blood 
pressure at the end of the exercise are not increased signifi­
cantly but the flow has reached a plateau. The flow after this 
exercise has a day-to-day reproducibility which is as good as 
the maximal flow after 5 min arterial occlusion. 
Table 7. 4 gives the results of the measurements on 4 diffe­
rent days . 
Fig.  7 .  5 gives the results of the flow measurements after 
different periods of exercise with maximal load (9. 8 W). The 
subject could not perform the exercise any longer than 3 min .  
The inset gives the blood pressure as a function of the work 
(J) and the quotient of the blood pressure and the flow. The 
flow increased as a function of the work to about 52 ml/100 
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1 2 3 4 Mean SD 
J 
D 29, 2 28. 0 34, 0 31.  3 30. 6 2. 9 (9"/o) 
E 28. 6 25. 2 27 . 0  26. 1 26, 7  2 . 3 (9"/o) 
F 35. 5 38. 0 36. 3 37 , 7  36 . 7  3. 7 (7"/o) 
G 33. 0 29. 0 32. 1 32 . 6  31.  7 3. 5 (11"/o) 
H 25. 2 27 . 8 24. 7 26. 7 26 . 1 2 . 2  (8"/o) 
Mean of the legs 30.  8 
SD 5,  0 (16"/o) 
Table 7 .  4 .  Submaximal flow Fp (ml/100 ml. min) in the calf of 5 
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Fig. 7 .  5 Flow as a function of time in the calf of a normal subject after increas!llg exercise periods 
with a load of 9. 8 W and after art. occlusion. ---:  flow at rest. -o- : 0. 5 
min. --0- :  1 min. -t::i.-: 2 min. -\].- : 3 min. --a-: flow after art. 
occl. Inset: blood pressure BP as a function of the work W, P5 systolic pressure. 
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Pd: diastolic pressure. M :  mean pressure. The quotients o f  the mean blood pressure 
and the maximal flow are also given. 
ml. min. The flow after 5 min art. occlusion is also given. 
The flow after maximal work varies in the same subject very 
strongly from day to day.  The SD is about 2 0% .  This is  pro­
bably due to the variations in physical fitness of the subject . 
The mean value of the flow after maximal work was 40 ml/ 100 
ml. min . 
The exercise which can be performed with a given load by a 
normal subject for s ome time ( s ay 3 min) varies  strongly from 
subject to subject and depends on the muscular strength and the 
fitness of the subject .  So the maximal work that can be performed 
and the flow after it does not give information about the func­
tional capabilities  of the arterial system as such. 
7 . 3. Measurements on patients 
A s  in chapter 6 we shall restrict ourselves concerning mea­
surements on patients to a number of representative examples.  
After a 1 5  min period of  rest 1 0  measurements of  the flow at rest 
were performed. Next the flow was determine d during reactive 
hyperemia after 5 min arterial occlusion. 
When the flow had reached the level at rest again the exer­
cise was started with a small load for a short time after which 
the flow was measured. Depending on the results of these mea­
surements compared with those after arte rial occlusion the 
load was increased or the time of exercise was increased until 
claudication pain became manifest .  The measurements were 
first performed on the diseased leg. Next the flow in the c on­
tralateral leg was measured at rest, after 5 min arterial occlu­
sion and at last after the same exercise as maximally pe r­
formed with the diseased leg. 
Patient F was discussed already in Chapter 6 .  Serious claudica­
tio intermittens of the right leg, mainly in the foot, became 
manifest 6 monts after a desobstructive operation in the left leg. 
By a new examination the maximal flow in the right leg after 
arterial occlusion was 15 ml/ 100 ml. min and was reached af­
ter 10 s (Fig. 7.  6 ) .  After exercise for 0. 5 min with a load of 
3. 9 W the flow was 11 ml/ 100 ml. min, but s ome pain in the 
foot developed already. After 1 min exercise with a load of 3 W  
the flow was 1 5  ml/ 100 ml. min. The patient had to stop al­
ready after this exercise.  
In the left leg the maximal flow after arterial occlusion was 
, 17 ml/ 100 ml. min and was reached after 9 s.  A fter 1 min 
exe rcise with a load of 3 W the flow was also 17 ml/ 100 ml. min, 
without any indic ation of pain in the left leg. 
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Fig . 7 .  6 Flow in the calves of patient F after arterial occlusion and after exercise. 
- - - : flow at rest. -o- 0. 5 min. 3. 9 W .  -----6.- 1 min. 3 W. a art. eccl. 
L: left leg. R: right leg (diseased) . 
A rteriographically no obstructions of the large arteries were 
seen, so that an operation in the right leg will not be performed. 
Patient G (72) had been suffering from claudicatio intermittens 
for some months in the right leg, which did not limit him se­
riously in view of his age. Therefore he would not be operated 
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Fig. 7 .  7 Flow in the c alves of patient G after arterial occlusion and after exercise. 
- - - : flow at rest. -o-: 0. 5 min, 3 . 9 W -0-: 1 min 4. 8 W. -6-: 2. 5 
min, 4. 8 W. -----= art. eccl. L: left leg . R: right leg (diseased) . 
Fig. 7. 7 gives the results of the flow measurements. The 
maximal flow in the right leg after arterial occlusion was 17 
ml/ 100 ml. min and was reached about 40 s after the end of 
the occlusion. The hyperemia lasted very long. 
After exercise for 0. 5 min with a load of 3. 9 W the highest 
94 
flow was 1 4  ml/ 100  ml . min. After 1 min exercise with a load 
of 4. 8 W the flow was 18 ml/ 100  ml. min, which was c onstant 
for about 40 s .  After 2 .  5 min exercise claudic ation pain forced 
the patient to stop, the flow was 19  ml/ 1 00 ml. min and was 
c onstant for 50 s .  The heart frequency and blood pre s sure were 
hardly increased.  
In the left leg the maximal flow after arterial occlusion was 
2 0 ml/ 1 00 ml. min and was reached after 10 s. After exercise 
for 2. 5 min with a load of 4. 8 W the maximal flow was also  
2 0  ml/ 100 ml. min. 
Patient H ( 6 0) had been suffering from claudicatio intermittens 
in the right leg for 1 year. A rteriographically an obstruction 
of the right a. iliaca communis and a stenosis of the left a. 
iliaca communis were diagnol:!_ed.  
In the left leg the maximal flow after arterial occlusion was 
about 1 3  ml/ 1 0 0  ml. min, in the right leg about 8 ml/ 1 00 ml. min 
However, after s ome months there was a spontane ous improve­
ment, so that an ope ration was supe rfluous . 
In the right leg the flow after arterial occlusion was now about 
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Fig . 7 .  8 Flow in the calves of patient H after arterial occlusion and after exercise. --- :  flow 
at rest. -o- : 0, 5 min. 3 W .  -� 1 min, 3 W .  -/::;.- :  2 min, 4 . 8  
W .  -'i7- 2 . 5  min, 4 . 8  W ,  -•-= art. occl. L: left leg . R :  right leg (dis­
eased) . 
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20 s after the end of the occlusion. A fter 0 .  5 min exercise 
with a load of 3 W the flow was 18 ml/ 100 ml. min, after 1 
min exercise the flow was 22 ml/100 ml. min. The load was 
increased to 4 .  8 W for 2 min, after which the flow reached a 
plateau of 22 ml/ 100 ml. min . Claudication occurred after 2. 5 
min exercise, the flow was 2 3  ml/100 ml. min and the hypere­
mia lasted ve ry long. 
In the left leg the maximal flow after arterial occlusion was 
30 ml / 100 ml. min and was reached after 12 s. A fter 2. 5 min 
exercise with a load of 4. 8 W the flow was 32 ml/ 100 ml. min. 
Patient I (52) had been suffering from claudicatio intermittens 
of the right leg for a year. A rteriographically serious arterio­
sclerotic changes in the aorta and large arteries and a stenosis 
in the a. femoralis superficialis were diagnosed. 
In t he right leg the maximal flow after arterial occlusion was 
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Fig. 7 .  9 Flow in the calves of patient 1 after arterial occlusion and after exercise. --- :  
flow at  rest. -o - :  0. 5 min, .4. 8 W. -0-: 1 min, 4. 8 w. -t:;.-: 2 .-S  
min, 4 .8  W.  ----art. occl. L: left leg. R: right leg (diseased). 
After 0. 5 min exercise with a load of 4. 8 W the flow reached 
a value of 15 ml/100 ml. min afte r 40 s. After 1 min exercise 
the flow was about 16 ml / min. After 2. 5 min exercise , the 
maximal flow was about 15 ml/ 100 ml. min, while claudication 
pain developed. The flow was practically constant for 180 s 
after the exercise . 
96 
In the left leg the maximal flow after arterial occlusion w as 
about 32 ml/ 1 00 ml. min and was reached after 1 5  s .  T he flow 
after 2 .  5 min exercise with a load of 4 .  8 W the flow was 33  
ml/  1 00 ml. min. 
The patient shall be operated upon. 
Patient J (55 )  had been suffering from claudicatio intermittens 
of the right leg for a year. A rteriographically extensive scle­
rotic changes and an obstruction of the right a. femoralis su­
perficialis were diagnosed. 
In the right leg the maximal flow after arterial occlusion was 
1 3  ml/ 1 00 ml. min and was reached after 50 s (Fig. 7 . 1 0) .  
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Fig. 7 . 10 Flow in the calves of patient J after arterial occlusion and after exercise. 
flow at rest. -o-: 1 min, 2 . 5 W. -0-: 3 min, 2 . 5 W. -6.-: 2 min. 
4,  8 W. L: left leg. R: right leg (diseased) . 
After 1 min exercise with a load of 2 .  5 W the highest flow was 
8 ml/ 1 00 ml. min, after 3 min exercise the flow was 1 1  ml/ 
1 0 0  ml. min and reached a plateau. Claudication pain developed 
after 2 min exercise with a load of 4. 8 W, the maximal flow 
was about 1 4  ml/ 1 00 ml. min. 
In the left leg the maximal flow after arterial occlusion was 
1 7 . 5 ml/ 1 0 0  ml. min and was reached after 20 s. After 2 min 
exercise with a load of 4. 8 W the flow was 18 ml/ 1 0 0  ml. min .  
The patient shall be operated upon. 
With the light to moderate loads which were imposed on the 
patients the heart frequency and the blood pressure did not in­
crease significantly during the exercis e .  
The maximal flow after 5 mm art. occlusion and the flow 
afte r  exercise until claudication occurs are practically the s ame.  
Table 7 .  5 gives a review of the measured values . 
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Patient Maximal flow (ml/100 ml. min) 
after exercise after art. occl. 
D C D C 
F 15. 0 17 . 0 15. 0 17 . 0 
G 19. 1 20, 0 17 . 3  20. 0 
H 23. 8 32 . 0  23. 0 32. 0  
I 16. 0 33, 0 15. 8 32 . 0 
J 14. 6 18 . 0 13. 8 17 . 5 
Table 7 .  5. Maximal flow in the calf of 5 patients after exercise of 
the diseased leg until claudication (in the contralateral 
leg after the same exercise) and after 5 min. art. occlu­
sion. 
D = diseased leg. C = contralateral leg (sometimes also 
affected) . 
7. 4. Discussion and conclusions 
The flow pattern as a function of time after an amount of 
w ork of the calf muscles is not the same as that after arterial 
occlusiom. This is partly due to the different cardiovascular 
reactions. 
At the moment when the arterial occlusion is ended the flow 
in the occluded segment is zero and the blood pressure is low. 
After the occlusion an amount of blood flows into the previously 
occluded segment. The peripheral resistance of the segment 
decreases by the dilatation of the vessels. The extra great flow 
has suddenly to be supplied by the heart. With a flow of 30 ml/ 
100 ml. min and a limb volume of about 5 1 the blood flow to 
the extremity is about 1. 5 1 /  min. The total adaption of the 
cardiovascular system in normal subjects is such that the maxi­
mal flow is reached 10 to 20 s after the arterial occlusion. Du­
ring the first phase of the reactive hyperemia the blood pressure 
decreases temporarily. 
During exercise, however, a continuous adaption of the car­
diac output takes place to the heightened needs, so that the blood 
pressure does not decrease and the increased flow during and 
immediately after the exercise can be supplied. 
Walking is a more favorable way to perform an amount of ­
work than the exercise on the calfergometer. In the first place 
the perfusion pressure in th� calf muscles is higher during 
walking, because the arterial pressure in the calf is 70 to 80 
mm Hg above the pressure at heart level owing to the hydro­
static pressure difference, while the muscle pumps of the calf 
and the thigh keep the venous pressure low. In the second place 
the relaxation of the calf muscles is easier during walking than 
during exercise on the calfergometer so that the blood supply, 
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which must take place mainly during the relaxation, is b etter 
during walking. Moreover the heart is loaded more equally by 
the alternating use of the left and the right leg. Owing to these  
factors an amount of work of 6 J per  stroke with exercise on 
the c alfergomete r can be equalled at least to the amount of work 
performed during walking with a speed of about 5 km per hour. 
With this load the measured flow in normal subjects appears 
to be independent of the working time and thus attains a rather 
equilibrium value . After the exercise the flow diminishes ra­
pidly to the level at rest . 
It is remarkable that the flow is not c onstant anymore when 
the work performed with each stroke is significantly inc reas ed 
to more than 6 J per stroke . The flow immediately after exer­
cise increases as a function of the exercise period and then 
reaches a plateau, i. e .  after the exercise the flow is c onstant 
for some time and only then -diminishes to the level at rest.  
{Because the first and second venous occlusions take place 
within 10 s after the moment the exercise is ended, the flow 
can be considered to attain a plateau when it is at least 1 0  s 
constant) . After an amount of work performed necessary to see  
a plateau of  the flow, the blood pres sure is  only little increas ed. 
The maximal flow after 5 min arterial occlusion agrees with 
the flow when a plateau has just been reached. From these  
measurements it can be  concluded that both the reactive hype ­
remia and the exercise hyperemia are a result of a local vas o­
dilatation of the calf muscles which is nearly maximal s o  that 
the value of the flow is limited. When the exercise is performed 
longer the blood pressure and the flow level do not increase 
very much. The flow after heavy to very heavy exercise some­
times has a c onstant value during such a long time that it c an 
be supposed s ome debt is formed during the exercise .  
When the exercise is performed with a heavy or very heavy 
load the heart frequency and the blood pressure incr�ase very 
much. The total work that can be performed wJth these loads 
depends on the force and the physical fitness of the subj ect.  
The flows after maximal work vary strongly from day to  day in 
one subject and vary even more from subject to subject. The 
maximal work and the flow after maximal work are not deci-
sive for the functional capabilities of the peripheral vascular sys­
tem but for the total cardiovascular capabilities and that of the 
calf muscles as such. 
From the literature but few measurements are known c on­
cerning the flow during and after exercise of the calf muscle s .  
Table 7 .  6 gives a review of the measured flow values after  exer­
cise as obtained by various authors in the calf of normal sub ­
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Table 7 6 Maximal value of the flow and SD in 1he calf aher exercise (unless 01herwisc s1a1ed) given by several authors, In normal tub!ccu and in patlenu with 
obuructlve arterial dhease 
Barcroft and Dornhorst (1949} measured the flow after exercise 
with an air-filled plethysmograph. The exercise was performed 
by treading a pedal which lifted a weight of 9 kg or 15 kg. The 
pace was 6 0 strokes a minute, the exercise time was 6 min. 
Strandell and Wahren ( 196 3) measured the flow with a Dohn­
cuff. The exercise was performed with a s imilar ergometer as 
used by Barcroft, but with a weight of 6 kg. They measured 
the flow only 20 s after the end of the exercise however. 
Hillestad { 196 3) measured the flow with a waterfilled plethys­
mograph after exercise. By way of a pedal a weight of 4. 5 kg 
was lifted over 2 1  cm with a pace of 30 per minute. There 
were various technical difficulties owing to the large volume 
variations in the plethysmograph. He measured the flow about 
3 times per minute after sub- maximal work. 
When the 133Xe clearance method became available more atten­
tention was paid to measurements during and after exercise of 
the calf muscles, both in normal subjects and in patients. 
T,'mnesen { 1964, 1965, 1968} measured the flow with this method 
both after exercise and after ischemic exercise. With a pedal a 
weight of 3 to 15 kg could be lifted by the foot at a variable 
rate. The flow was measured in the m. gastrocnemius. The 
resolving power of the method was not strong enough, however, 
to justify the c onclu_sion that in normal subjects the flow after 
exercise was not greater than during exercise. Lindbjerg (1965) 
and F olkow ( 197 1} meas ure.d the flow during and after is chemic 
exercise. Therefore we did not include the results of these 
authors in Table 7.  6. 
Lassen { 1965) measured the flow during and after 2 min wal­
king with a speed of 4. 8 km per hour. The SD of the results 
of normal subjects is rather large, which is probably due to 
small variations in walking speed and walking technique. Our 
own results are also included in the table. 
The results of the various authors differ quite strongly, 
which is probably due to the differences in the exercising pro­
cedure and the differences in the position of the subjects (see 
also 6. 1 and 6.4). 
The mean value of the maximal flow in our group of patients 
is about 17 ml/ 100 ml. min in the diseased legs (SD = 4 ml/ 
100 ml. min} . For these measurements ..patients were selected 
with no serious complaints so that they could perform a con­
siderable amount of work. Therefore, the mean maximal flow 
in the calf of these patients is somewhat greater than that of 
the patients discussed in Chapter 6. Post- operative measure­
ments are not yet included. It is necessary to perform measure­
ments on greater numbers of patients to allow more general 
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c onclusions to be drawn about the value of the flow after exer­
cise with respect to the seriousness and the localisation of the 
arterial obstructions . 
In Table 7 .  6 measurements on patients are also included.  
The measured flow values are in general rather small . The 
values measured by Lassen, however, are remarkably low.  
Probably this i s  due to  the short walking time so that an  opti­
mal adaption of the impeded circulation could not take place.  
From our results the flow appears to increase when the exer­
cise is performed for a longer time . 
In normal subjects in the supine positions performing an a­
mount of work which is comparable with the work during nor­
mal walking for a long time, the initial flow is the maximal 
flow and attains a value of 15 t o  20 ml/ 100 ml. min. A s igni­
ficant number of our patients ,  performing the same amount of 
work, shows a maximal value of the flow of the same magni­
tude . However, these patients are not able to walk at the same 
speed as the normal subjects .  In this respect it is important 
that in normal subjects the flow is maximal immediately after 
the exercise. Physiologically this is important because the 
blood supply must take place during the short relaxation time, 
because the intra muscular pressure impedes or blocks the in­
flow during the contraction. During and after the exercise 
attention must be paid to  the c omplete relaxation of the calf 
muscles ;  this is verified by means of the registration of the 
moment exerted by the foot on the pedal. 
However, in patients the initial flow after the exercise is 
generally not maximal, but the maximal value is reached after 
5 to  15 s. The exercise hyperemia can c ontinue for some mi­
nutes with a c onstant flow level.  
To conclude it can be stated that the maximal values of the 
flow after arterial occlusion and after exercise both give a 
good indication about the flow yet permitted by the arterial 
system and thus about the seriousness  of the arterial obstruc­
tion, but that especially the rate of increase of the flow to the 
muscles is determining the actual blood supply to the exercising 
muscles and thus the seriousness  of the claudication complaiats 
of patients .  
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SUMMARY 
In view of the increasing frequency of disorders of heart 
and vasculature the research of the functioning of the circu­
latory system has increased very much. Part of thi� research 
is directed at the circulation in the extremities. The peri­
pheral diseases are mostly of arteriosclerotic origin and cause 
stenoses or obstructions of the large arteries so that the blood 
flow to the extremities is limited. 
For the diagnosis and the evaluation of the effects of therapy 
it is important to be able to determine the value of the flow 
to the extremities quantitatively with non- invasive methods. 
Chapter 1 gives a brief review of the various measuring 
methods available, while in Chapter 2 a review of the circu­
latory system is given. 
In Chapter 3 venous occlusion plethysmography is discussF J  
in detail. This method w hich is widely used t o  measure the fhw in 
extremities is based on the principle that the volume increa,,e of a 
segment of an extremity per unit of time equals the inflow when the 
outflow is occluded by a cuff. 
To perform reliable quantitative flow measuremer,ts varous 
conditions must be fulfilled: 
a. the veins beneath the cuff must be occluded completely ; 
b. the arterial inflow should not be impeded; 
c. the venous pressure should not become too high during the 
occlusion; 
d. the influence of the plethysmograph should be negligible. 
These conditions are discussed in detail. 
With this method the flow cannot be determined continuously, 
because the collected blood must flow away again after some 
time of venous occlusion. 
In Chapter 4 equipment is described which we developed to 
measure the flow semi-continuously and automatically. Each 
venous occlusion is triggered with impulses derived from the 
R top of the electrocardiogram. In this way the duration of the 
venous occlusion can be limited so that the measurements can 
be performed every 5 to 6 s. With special amplifiers it be­
came possible to read the value of the flow directly from the 
recorder paper. The elaboration of the records is simplified 
so that measurements can be performed during long times. 
The Whitney plethysmograph, with which the measurements 
are performed, is analyzed in detail in this Chapter. Both 
the technical and practical aspects are discussed. From the 
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analysis it appears that the local increase of the girth is measured 
and not the local flow . With certain suppositions the local volume 
increase and the flow can be calculated. In comparing the re­
sults with those measured with other types of plethysmographs 
correction factors must be taken into account. 
Moreover a calfergometer is decribed, with which a defined 
amount of work can be imposed on the calf muscles. .,...o work 
performed during each stroke and the total work perfo� _ 1ed 
during an exercise period can be measured accurately . 
In Chapter 5 measurements on the forearm and the calf of 
normal subjects and patients at rest are discussed. With stan­
dardized measuring conditions the influence of various para­
meters on the measured value of the flow is determined: the 
filling state of the venous sytem (i. e. the position of the fore­
arm and calf), the cuff pressure during venous occlusion, the 
duration · of venous occlusion and the recovery period. More­
over the influence of a distal cuff is discussed. 
With reference to the results the measuring conditions were 
quantified: the forearm and the calf must be supported about 
1 0  cm above heart level and the extremity must have an angle 
of about 1 5° with the horizontal plane. The cuff pressure should 
not be chosen below 40 mm Hg for measurements on the fore­
arm and not below 50 mm Hg for measurements on the calf. 
With two different measuring methods the venous volume ca­
pacity is determined. The mean value is about 1.  4 ml/ 1 00 ml 
of tissue. From the results it is concluded that great flows 
can be measured well when the extremity is supported above 
heart level . 
Next the short-term flow variations are discussed. The mean 
flow at rest is about 3 ml/ 1 00 ml. min with a SD of about 1 0% 
when the flow is measured for about 2 min. The long- term 
flow variations, i. e. on different days, are much greater ( SD 
1 0  to 20%). 
The flow in patients at rest is on the average as great as 
the flow in normal subjects. There are no differences between 
the flow before and after operative corrections . The flow at 
rest appears to give no indication about the seriousness of the 
obstructions. 
In Chapter 6 measurements of the flow after arterial occlu­
sion are discussed, both on patients and normal subjects. The 
cuff pressure for venous occlusion has great influence on the 
measured value of the flow during the first phase of the reac­
tive hyperemia. With normal subjects the cuff pressure should 
not be higher than 60 mm Hg, because the distal blood pres­
sure is still decreased immediately after the arterial occlusion. 
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In patients with arterial obstructions the blood pressure at the site 
of the cuff can be decreased much more, so that impediment 
of the inflow as a result of the cuff pressure cannot be avoided 
in some cases. 
The maximal value of the flow after arterial occlusion de­
pends on the duration of the occlusion. When the occlusion lasts 
longer than 5 min the maximal value of the flow does not in­
crease very much, so that we standardized the occlusion at 5 
min. This period gives patients little discomfort. 
The measurements are reproducible fairly well: when the 
measurements are repeated cqnsecutively, the coefficient of 
variation is about 5%, with measurements on different days 
the coefficient of variation is about 10%. 
Measurements on patients are performed pre-operatively and 
6 weeks and 6 months post-operatively . The results give a 
good indication about the flow yet permitted -by the arterial 
system and offer a good possibility for follow-up studies on 
patients. 
In Chapter 7 flow measurements after defined exercise on 
the calfergometer are discussed. In normal subjects the flow 
in the calf increases strongly with light to moderate exercise, 
but is sufficiently great to satisfy the needs of oxygen and 
foodstuffs. The flow attains an equilibrium value. A load of 
about 6 J per stroke ( 3  W) on the calfergometer is compara­
ble with the work performed by the calf muscles at walking 
with a speed of about 5 km per hour. The initial flow in the 
calf is then 15 to 20 ml/100 ml. min. During this work the 
blood pressure and the heart frequency do not increase signi­
ficantly and the exercise can be continued very long. 
After moderate to heavy work the flow in the calf reaches a 
value which is constant for some time after the exercise and 
then decreases slowly. This plateau of the flow is already reached 
after an amount of work when the blood pressure has not in­
creased significantly. The flow after exercise reaches a value 
which agrees with the maximal flow after 5 min arterial oc­
clusion . 
After very heavy exercise the flow level increases as a 
result of the increased blood pressure. 
From measurements on patients the flow appears to reach 
a plateau already after light to moderate exercise . It is re­
markable that the post-�xercise hyperemia can continue many 
minutes with a practically constant level of the flow. In the 
calf of our group of patients the flow reaches a value of about 
15 ml/ 100 ml. min. 
In normal subjects the initial post-exercise flow after the 
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same amount of work is also about 1 5  ml/ 1 00 ml. min. A vaso­
dilatation of this extent is compatible with normal walking for 
a long time, as the initial flow is the maximal flow . In the 
patients however, the initial flow is generally much smaller 
than the maximal flow, with the result that the maximal flow 
value is not reached during walking, because the relaxation phase 




In verband met de stijgende frequentie van hart- en vaat­
ziekten is het onderzoek naar het functioneren van het circu­
latiesysteem sterk toegenomen. Een deel van dit onderzoek 
richt zich op de circulatie in de extremiteiten en de vaat­
ziekten die daar voorkomen. Deze ziekten, die voornamelijk 
van atherosclerotische aard zijn, veroorzaken stenosen of ob­
structies in de grote arterien waardoor de bloedtoevoer naar 
de extremiteiten wordt beperkt. Ten behoeve van de diagnos­
tiek en de beoordeling van het effect van therapie is het van 
belang om met onbloedige meetmethoden de bloedvoorziening 
van de extremiteiten kwantitatief vast te kunnen stellen. 
In Hoofdstuk 1 wordt een kort overzicht gegeven van de ver­
schillende ter beschikking staande meetmethoden, terwijl in 
Hoofdstuk 2 een overzicht van het circulatiesysteem wordt ge­
geven. 
In Hoofdstuk 3 wordt ingegaan op de veneuze occlusieplethys­
mografie, de meest gebruikte methode om de flow in extremi­
teiten onbloedig te bepalen. De methode berust op het principe, 
dat de volumetoename van een extremiteitensegment per een­
heid van tijd gelijk is aan de bloedtoevoer wanneer de veneuze 
afvoer door een occlusiemanchet wordt onderbroken. Om be­
trouwbare quantitatieve flowmetingen te kunnen verrichten moet 
aan verschillende voorwaarden- worden voldaan; 
a. de onder de cuff verlopende venen moeten volledig warden 
geoccludeerd; 
b. de arteri-ele inflow mag niet worden beinvloed; 
c. de veneuze druk mag tijdens de occlusie niet te hoog worden; 
d. de invloed van de plethysmograaf moet verwaarle,osbaar-zijn. 
Nagegaan wordt of aan deze voorwaarden kan worden voldaan. 
Met deze meetmethode kan de flow niet �ontinu in de tijd 
worden gemeten, omdat de occlusie na een zekere tijd moet 
worden onderbroken om het verzamelde bloed weer weg te laten 
stromen. 
In Hoofdstuk 4 wordt de ontwikkelde apparatuur beschreven, 
waarmee de flow semi-continu en- automatisch kan worden ge­
meten. Daartoe wordt elke veneuze occlusie getriggerd met be­
hulp van impulsen, die van de R-top van het electrocardiogram 
worden afgeleid. Hierdoor is het mogelijk om de duur van de 
veneuze occlusie te beperken, waardoor de metingen 5 a 6 sec 
na elkaar plaats kunnen vinden. Met behulp van speciale ver­
sterkers is het mogelijk om de waarde van de flow rechtstreeks 
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van de recorder af te lezen, zodat het rekenwerk sterk wordt 
beperkt, hetgeen vooral voor metingen over langere tijd van 
belang is . 
De Whitney plethysmograaf, Wl3;armee de latere metingen 
warden verricht, wordt in dit hoofdstuk aan een analyse onder­
worpen. Zowel de technische als de praktische aspecten en 
foutenbronnen komen aan de orde. Uit de analyse blijkt dat niet 
de lokale flow, maar de lokale toename van de doorsnede wordt 
gemeten; uit de toename kan, onder bepaalde veronderstellingen, 
de toename van het lokale volume en daaruit de flow warden 
berekend. Bij het vergelijken van de resultaten met die geme­
ten met andere typen plethysmografen moeten correctiefactoren 
in rekening warden gebracht. 
E veneens wordt een kuitergometer beschreven, waarmee aan 
proefpersonen en patienten een goed gedoseerde hoeveelheid 
arbeid van de kuitspieren kan warden opgelegd. De verrichte 
hoeveelheid arbeid per slag en de totale hoeveelheid arbeid die 
gedurende een arbeidsperiode wordt verricht kunnen nauwkeurig 
warden gemeten . 
In Hoofdstuk 5 warden metingen in rust aan de onderarm en 
de kuit van normale proefpersonen en patienten besproken. 
Onder gestandaardiseerde meetomstandigheden wordt allereerst 
nagegaan welke parameters invloed hebben op de gemeten waar­
de van de flow in rust: de vullingstoestand van het veneuze 
systeem (d. w. z .  de stand van de arm en het onderbeen), de 
manchetdruk tijdens de veneuze occlusie, de duur van de ve­
neuze occlusie en het tijdsverloop tussen de occlusies, en de 
invloed van een distale manchet. Aan de hand van de resulta­
ten werden de meetcondities vastgelegd: zowel de onderarm 
als de kuit warden ca. 10 cm boven hartniveau ondersteund, 
waarbij de onderarm en het onderbeen een hoek van ca. 15° 
met het horizontale vlak maken. De manchetdruk mag voor 
metingen aan de onderarm niet lager warden gekozen dan 40 
mm Hg, voor metingen aan de kuit niet lager dan 50 mm Hg. 
Op twee verschillende manieren wordt de veneuze volume­
capaciteit bepaald . Met beide methoden wordt een gemiddelde 
gevonden van ca. 1, 4 ml/ 100 ml. min. Uit deze metingen wordt 
geconcludeerd dat grote stroomsterkten goed kunnen w.orden ge­
meten wanneer de extremiteit boven harthoogte wordt onder­
steund.  Deze grote stroomsterkten komen voor na art. occlu­
sie en na arbeid. 
Vervolgens worden de flowvariaties op korte termijn bespro­
ken. De gemiddelde flow in rust bedraagt ca. 3 ml/ 100 ml. 
min met een SD van ca.  10% bij metingen over korte tijd (ca. 
2 min) . 
De flowvariaties op lange termijn, d. w. z .  op verschillende 
108 
dagen, blijken veel groter te z1Jn (SD 10 tot 20%) . 
De flow in rust blijkt bij patienten gemiddeld even hoog te 
zijn als die bij normale proefpersonen, en is voor en na ope­
ratieve correcties even groot. Aan de metingen van de flow in 
rust kan geen indicatie worden ontleend betreffende de ernst 
van de aandoeningen. 
In Hoofdstuk 6 worden metingen na arteriele occlusie ver­
meld, zowel aan proefpersonen als aan patienten. De manchet­
druk voor de veneuze occlusie blijkt van grote invloed te zijn 
op de gemeten waarde van de flow in de eerste fase van de 
reactieve hyperemie. Bij normale proefpersonen mag de druk 
niet hoger dan 60 mm Hg worden gekozen, omdat de bloed­
druk vlak na de arteriele occlusie is verlaagd. Bij patienten 
met arteriele obstructie kan de bloeddruk ter plaatse van de 
manchet nog sterker verlaagd zijn, zodat inflow belemmering 
als gevolg van de manchetdruk in sommige gevallen haast niet 
te vermijden is. 
De maximale waarde van de flow na arterHHe occlusie hangt 
af van de occlusieduur. De occlusieduur werd door ons ge­
standaardiseerd op 5 min, omdat bij langere duur de flow niet 
sterk meer toeneemt en de patienten zo weinig mogelijk moe­
ten worden belast. De metingen zijn goed reproduceerbaar: bij 
metingen, direct na elkaar verricht, bedraagt de var. coeff. ca. 
5%, bij metingen op verschillende dagen ca. 10%. 
De metingen aan patienten gebeuren zowel pre-operatief als 
6 weken en 6 maanden post-operatief. De resultaten blijken 
een goede indicatie te geven omtrent de flow die het arteriele 
systeem nog toelaat en bieden een goede mogelijkheid tot follow­
up studies aan patienten. 
In Hoofdstuk 7 worden flowmetingen na gedoseerde arbeid op 
de kuitergometer besproken. Bij normale proefpersonen neemt 
de flow in de kuit reeds bij lichte tot matige belasting sterk 
toe, maar is voldoende om in de behoeften aan zuurstof en 
voedingsstoffen te voorzien. De flow stelt · zich op een even­
wichtswaarde in. Een belasting van ca. 6 J per slag op de 
kuitergometer komt ongeveer overeen met de belasting van de 
kuitspieren tijdens normaal lopen ( ca. 5 km/ uur) . De flow in 
de kuit bedraagt dan 15 to 20 ml/ 100 ml. min. Tijdens deze 
arbeid nemen de bloeddruk en de hartfrequentie niet significant 
toe en deze arbeid kan lang worden volgehouden. 
Na matige tot zware arbeid bereikt de flow in de kuit een 
waarde, die gedurende enige tijd na de arbeid constant blijft, 
en pas daarna afneemt. Dit plateau van de flow wordt reeds 
bereikt na een hoeveelheid arbeid waarbij de bloeddruk nog niet 
significant is toegenomen. De flow na deze arbeid bereikt een 
109 
waarde die goed overeenkomt met de maximale flow die na 5 
min arterHHe occlusie wordt bereikt. Bij zeer zware arbeid 
neemt het niveau, dat de flow bereikt, nog toe als gevolg van 
de gestegen bloeddruk. 
Uit de metingen aan patienten blijkt dat er na een hoeveel­
heid lichte tot matige arbeid reeds een plateau van de flow wordt 
bereikt. Het is opvallend dat de arbeidshyperemie bij de 
patienten minutenlang kan aanhouden met een vrijwel constant 
niveau van de flow . In de kuiten van onze groep betrekkelijk 
lichte patienten bereikt de flow een waarden van ca. 1 5  ml/ 1 0 0  
ml. min. 
Bij normale proefpersonen is de initiele flow na een zelfde 
hoeveelheid arbeid eveneens ca.  1 5  ml/ 1 0 0  ml . min. De vaso­
dilatatie is dan voldoende om lopen gedurende lange tijd moge­
lijk te maken, want de initilHe flow is ook de hoogste flow. Bij 
patienten is de initil�le flow echter veel kleiner dan de maxi­
male flow zodat de maximale flow tijdens lopen niet wordt 
bereikt omdat de relaxatiefase te kort is . Hierdoor treedt er 
na een zekere tijd claudicatio intermittens op. 
1 10 
LITERATURE 
ABRAMS, M. E . , D .  J. P .  BARKER and W. H. J. BUTTERFIELD 
( 1 9 6 5) :  The effect of reserpine, noradrenaline and adrenaline 
on reactive hyperemia in the hwnan forearm. - Clin. Sci. 
29 , 565 .  
ABRAMSON, D .  J. and K. H. FERRIS ( 1 940) : Response of  blood 
vessels in the resting hand and forearm to various stimuli. -
- Am . Heart J. 19 ,  541 .  
ABRAMSON, D.  J .  and K.  H.  KATZENSTEIN ( 1 94 1 ) :  Spontaneous 
volwne changes in the extremities .  - Am . Heart J. 2 1 ,  1 9 1 .  
ABRAMSON, D.  J. ( 1 9 6 7) : Circulation in the extremities .  - Acad. 
Press .  New York and London. 
AHLQUIST, R. P .  ( 1 965 ) :  Effecrts of the autonomic drugs on the 
circulatory system. -
In: Handb. Physiol. Sec. 2. Circulation. 2457 -
Ed: W. F .  Hamilton and P .  Dow. 
Am . Physiol. Soc. Washington DC . 
ALEXANDER, R. S .  ( 1 9 6 3) :  The peripheral venous system . 
In: Handb. Physiol. Sec. 2: Circulation, 1 075.  
Ed:  W. F.  Hamilton and P .  Dow. 
Am . Physiol. Soc . Washington DC . 
ALTURA, B .  M .  ( 1 97 1 ) :  Chemical and hwnoral regulation of blood 
flow through the precapillary sphincter. - Micro Vascular 
Res. �. 36 1 .  
ARDILL, B. L. , P . H. FENTEM and R. L. WILLIAMS ( 1 9 68 ) :  Some 
observations on the accuracy of blood flow measurements by 
venous occlusion plethysmography using the mercury-in- rubber 
strain gauge. -
In: Blood flow through organs and tissue s .  
Ed: W. H .  Bain and A .  M .  Harper. E.  S .  Livingstone Ud. Edin­
burgh. 
ARIENS, E .  J. ( 1970 ) :  De farmacologie van het adrenerge sys­
teem . - Ned . Tijdschrift v. Geneesk. 1 1 4 ,  1 9 8 ,  1 36 9 ,  2049. 
ATZLER, E. und G.  LEHMANN ( 1 9 35) : Eine neue Methode der 
Plethysmografie am Mens chen. - Klin. Wochens chrift 1 4, 1 5 8 1 .  
BACHMANN, K. und N. GRAF ( 1 9 66) : Die quantitative Bes tim­
mung des Stromzeitvolwnens der unteren Extremit:Uen mit 
Hilfe der FarbstoffverdUnnungsmethode. - Z. Kreislauff. 5 5, 
9 5 1 .  
BAIN, W .  H .  and A .  M .  HARPER ( 1 968) :  Blood flow through organs 
and tissues. - E .  S. Livingstone Ltd. Edingburgh. 
1 11 
BARBEY, K. und P .  BARBEY (1963) : Ein neuer Plethysmograph 
zur Mes sung der ExtremWl.tendurchblutung. - Z. Kreislauff. 
52, 1129. 
BARBEY, K. und W. ADAM (1 965) :  Die Messung von Druckvolu­
mendiagrammen am Bein. - Act. Klin. Exp. Dermat. 222, 574. 
BARBEY, K. , W. ADAM und W. FISCHER (1967 ) :  Die Messung 
von Druck- volumendiagrammen am Bein. - Arch. Klin. Exp. 
Dermat. 231, 68. 
BARCROFT, H. and 0. G. EDHOLM (1943) : The effect of temper­
ature on blood flow and deep temperature in the human forearm. 
- J. Physiol . 102, 5 .  
BARCROFT, H.  and 0.  G.  EDHOLM (1945 ) :  On the vasodilatation 
in human skeletal muscle during post- haemorrhagic fainting. -
J. Physiol. 104, 161. 
BARCROFT, H. and A. C. DORNHORST (1949) : The blood flow 
through the human calf during rhythmic exercise. - J. Physiol. 
109, 402. 
BARCROFT, H. (1972) :  An enquiry into the nature of the media­
tor of the vasodilatation in skeletal muscle in exercise and 
during circulatory arrest. - J. Physiol. 22, 99- 119 P .  
BARENDSEN, G .  J. , H. VENEMA and Jw. VAN DEN BERG ( 197 1) : 
Semi continuous blood flow measurements by triggered venous 
occlusion plethysmography. - J. App. Physiol. 31, 288. 
BARTHUSCH, M. , H. MORL und E. G. PREUSS ( 1970) :  Das Profil 
der reaktiven Mehrdurchblutung bei organisch-arteriellen Ver­
schlusskrankheiten. - Z. Kreislauff. 5 9, 66. 
VAN DEN BERG, Jw. and A. J. ALBERTS (1954): Limitations of 
electric impedance plethysmography. - Circ. Res. �. 333. 
VAN DEN BERG, Jw. and A. VAFI (1963) : A very sensitive two­
channel photoplethysmograph, the vasotest, for peripheral 
vascular surgery. - Proc. Kon. Nederl. Akad. Wetensch. Series 
C, 66, No. 1 .  
BEVEGARD, B. S .  ( 1967 ) :  Regulation of the circulation during 
exercise in man. - P hysiol. Rev. 47, 178. 
BLAIR, D. , w:E. GLOVER and J. C. RODDIE ( 1959): The abolition 
of reactive and post- exercise hyperemia in the forearn: by 
temporary restriction of arterial inflow. - J. P hysiol. 148, 
648. 
BOLLINGER, A. ( 1969): Durchblutungsmessungen in der klini­
schen Angiologie-. - Verl. flans Huber Bern. 
BONDE-PETERSEN, F. and J. SIGGAARD-ANDERSEN (1967) :  
Blood Flow in  skin and muscle evaluated by simultaneous 
venous occlusion plethysmography and 133Xe clearance. -
Scan. J. Clin. Lab. Inv. 19, 113. 
112 
BRAKKEE, A. J. M. and A. J. H. VENDRIK ( 1 966) : Strain gauge 
plethysmography; theoretical and practical notes on a new 
design. - J. Appl. P hysiol. �, 701 .  
BRODIE, T. G. and A. E. RUSSEL ( 1 905) : On the determination 
of the rate of blood flow through an organ. - J. Physiol .  32, 
47P. 
BURKI, N. and A. GUZ { 1 970): The distensibility characteristics 
of the capacitance vessels of the forearm in normal subjects. 
- Cardiovasc. Res. 1., 93. 
CAPPELIN, Chr. Jr. { 1 968): New findings in blood flowmetry. 
Universitets-forlaget, Norway. 
COLERIDGE, H. and J. COLERIDGE ( 1 97 2) :  Cardiovascular re­
ceptors. -
In: Modern trends in physiology. 1 ,  245 . 
Ed: C. B. B. Downman. Butterworths, London. 
COLES, D. R. and B. S. L .  KIDD ( 1 95 7 ): Effect of small degrees 
of venous distension on the apparent inflow rate of blood to 
the human calf. - Circ. Res. � 223. 
CUT AJAR, C. L. , N. J. G. BROWN and A. MARSTON ( 1 97 1 ) :  Muscle 
blood flow studies by the 99mTc clearance technique in normal 
subjects and in patients with intermittent claudication. -
Brit. J. Surg. 58, 532. 
DAHN, I. ( 1 965):  On clinical use of venous occlusion plethys­
mography of calf: I Methods and Controls. - Acta Chir. Scand. 
1 30, 42. II Results in patients with arterial disease. -
Acta Chir. Scand. 1 30, 61 . 
DAHN, I. and J. HALLBOOK { 1 970) :  Simultaneous blood flow 
measurements by water and strain gauge plethysmography. 
Scan. J. Clin. Inv. 25, 419. 
DAHN, I. , B. JONSON and R. NILSEN { 1 970) :  A plethysmographic 
method for determination of flow and volume pulsations in a 
limb. - J. Appl. Physiol. 28, 333. 
DELIUS, W. ( 1 969) : Ha.modynamische Untersuchungen Uber den 
systolischen Blutdruck und die arterielle Durchblutung distal 
von arteriellen Gefa.ssverschlUssen an den unteren Extremi­
ta.ten. - Z. Kreislauff. fill. 319. 
DOHN, K. , J. S. GRAVENHORST and N. V. JARLOV ( 1 956) :  Volume 
recorder usable during functional states. - Rep. Steno . Hosp. 
{Kbh) _§_, 1 41 .  
DORNHORST, A. C .  and R. F .  WHELAN ( 1 95 3):  The blood flow in 
muscle following exercise and circulatory arrest. - Clin. Sci. 
12, 33. 
DOWNEY, J, A. ( 1 97 1 ) :  Control of the circulation in the limbs. 
In: P hysiol. basis of rehabilitation medicine. 
Ed: J. A. Downey and R. C. Darling. - W. B. Saunders Comp .  
Philadelphia. 
113 
DUOMARCO, J. L. and R. RilVIINI ( 1 9 53) : Energy and hydraulic 
gradients along systemic veins. - Am .  J. Phys. 178 ,  2 1 5 .  
ECHT, M. , L .  LANGE und H. L. THRON ( 1 9 72) : Uber den Einfluss 
der Dehnungsgeschwindigkeit auf die Bestimmung des Tonus­
zustandes der Kapizitiven Gefasse am Menschen. - Z. Kreis­
lauff. 6 1 ,  8 42 .  
EHRINGER, H. , H. DENCK und E. DEUTSCH ( 1 9 6 7 ) :  Quantitative 
Durchblutungsmessung zur Objectivierung des Therapieerfolges 
nach Gefa.ssoperationen. - Dtch. Med. Wschr. 92,  600.  
EHRINGER, H. ( 1 9 6 9 ) :  Differenzierte simultane Durchblutungs­
messung konsekutiver Extremitatensegmente (gleichseitiger 
Unte rschenkel und Fusz) mit einem automatisch registrieren­
den Venenverschluszplethysmografen. Zur Frage der Okklusi­
onstechnik. - Z. Kreislauff. 5 8, 500 .  
EICHNA, L. and R. W. WILKINS ( 1 9 41 ) :  Blood flow to the human 
forearm and calf. II. Reactive hyperemia. Factors influencing 
the blood flow during the vasodilatation following ischemia. -
Bull. John Hopkins Hosp. 68, 450.  
ELINGS, H. S. ( 1 9 59 ) :  Fotoelektrische plethysmografie met be­
hulp van diffuus gereflecteerd licht. - Thesis Univ. of Gro­
ningen, The Netherlands. 
ENGLUND, N. , T. HALLBOOK and L. G . LING ( 1 9 72 ) :  The vali­
dity of strain gauge plethysmography. - Scand. J. Clin. Lab. Inv. 
29, 155. 
FAIRCHILD, E. ( 1 9 66) : Failure of recovery from reactive hyper­
emi a  in the absence of oxygen. - Am .  J. Physiol. 2 1 0, 490.  
FEWINGS, J. D. ( 1 9 6 5 ) :  A study of factors involved in the con­
trol of the circulation through skeletal muscle in man. -
Thesis: Univ. of Adelaide. 
FEWINGS, J. D. and R. F. WHELAN ( 1 9 65 ) :  Differences in fore­
arm blood flow measurements by capacitance and volume 
plethysmography. - J. Appl. Physiol. �. 334. 
FEWINGS, J. D. , C. HYMAN, J. A. WALSH and R. F. WHELAN 
( 1 97 0 ) :  Role of forearm skin and muscle vessels in reactive 
hyperemia. - Aust. J. Exp. Biol. 48, 1 7 9 .  
FIGAR, S. ( 1 9 5 9 ) :  Some basic dificiences o f  the plethysmograp­
hic method and possibilities of avoiding them. - Angiology 
.!Q, 1 20. 
FIGAR, S. (1 959) : Electrocapacitance plethysmograph. - Physiol .  
Bohemoslov. !!_, 2 7 5. 
FOLKOW, B. ( 1 953 ) :  A study of the factors influencing the tone 
of denervated blood vessels perfused at various pressures. 
Acta Physiol. Scand. TI, 9 9 .  
FOLKOW, B. , U. HAGLUND, M.  JODEL and 0.  LUNDGREN ( 197 1 ) :  
Blood flow i n  calf muscle o f  man during heavy rhythmic exer­
cise. - Acta P hysiol. Sc and. 8 1 ,  1 5  7 .  
1 14 
FONTAINE, R. and C .  DUBOIT ( 1 9 54) :  Les greffes vasculaires . 
5 6  Congr. francais de Chirurgie . Association francaise de 
Chirurgie, 1 2 9 .  P aris .  
FORMEL, P . F . and J. T . DOYLE ( 1 9 57) : Rationale of  venous 
occlusion plethysmography. - Circ . Res . � 354.  
GLISSON, F.  ( 1 622 ) :  Tractaties de ventriculo et intestinis .  
Quoted from M. Foster, Lectures on the history of physiology. 
Cambridge Univ. Press .  
GOLENHOFEN, K. , H. HENSEL and G .  HILDEBRANDT ( 1 9 63 ) :  
Durchblutungsmes sung mit wa.rmeleitelementen in Fors chung 
und Klinik. G. Thieme Verlag, Stuttgart. 
GOTTSTEIN, U. , I. SEDLMEYER und M. SCHOTTLER ( 1 9 6 9 ) :  
Quantitative Messungen der Unters chenkeldurchblutung von 
Gesunden und von Kranken mit peripheren Zirkulationssto­
rungen. - Z.  Kreislauff. 58,  3 3 2 .  
GRAF, K .  ( 1 9 6 4) : Zur Methodik der venosen Okklusionsplethys ­
mografie. Die Wirkung distaler Gefassokklusion auf die Durch-
blutung im Unterarm. - Acta Physiol. Scand. 60, 70 .  .. 
GRAF, K. ( 1 9 64): Auswertung und Messfehler okklusionsplethys­
mografischer Durchblutungsregistrierungen. - Acta Physiol. 
Scand. 60, 120 .  
GRAF, K.  and S. ROSELL ( 1 9 64):  Der Effekt plethysmographischer 
FUllungsdrucke bis 20 cm H 20 auf die lokale Extremita.ten­
durchblutung. - Acta Physiol. Scand. G2 323 .  
GRAF, K. and S. ROSELL ( 1 9 64) : Zur Wirkung subdiastolischer 
Okklusionsdrucke auf die distale Extremita.tendurchblutung. -
Acta Physiol. Scand. §.!_, 357 .  
GREENFIELD, A.  D. M.  ( 1 9 54) : A simple water-filled plethysmo­
graph for the hand or forearm . - J. Physiol. 1 2 3, 6 2 .  
GREENFIELD, A. D. M.  and G . C . P ATTERSON ( 1 9 54) : The effect 
of small degrees of venous distension on the apparent rate of 
blood inflow to the forearm . - J. Physiol. 1 2 5, 525 .  
GREENFIELD, A.  D. M. , R .  J.  WHITNEY and J .  F. MOWBRAY 
( 1 963 ) :  Methods for the investigation of peripheral blood flow. -
Brit. Med. Bull. !J1., 10 1. 
HALLBOOK, 'J' .  ( 1 9 7 1 ) :  Blood flow measurements with strain 
gauge plethysmography in the early post-operative course 
after reconstructive arterial surgery of lower limb. -
Acta Chir. Scand. 1 3 7 ,  2 3 3. 
HALLBOOK, T . , B. MANNSSON and R. NILSEN ( 1970) :  A strain 
gauge plethysmograph with electrical calibration. -
Scand. J. Clin. Lab. Inv. 1..§., 413 .  
HENRY, J. P .  and J. P .  MEEHAN ( 1 9 7 1 ) :  The circulation. - Year 
Book Med. Publ. Inc . Chicago. 
1 1 5  
HENSEL , H. and J. RUEF (1954) :  Fortlaufende Registrierung der 
Muskeldurchblutung am Menschen mit einer Calorimetersonde. -
Arch. Ges. Physiol. 259, 267. 
HENSEL, H. und F. BENDER (1956) :  Fortlaufende Bestimmung 
der Hautdurchblutung am Menschen mit einer elektrischen 
wa.rmeleitmesser. - Arch. Ges. P hysiol. 263, 603. 
HENSEL, H. (1964) : P hysiologie der menschlichen Hautdurch­
blutung. Bad Oeyenhausener Gespra.che VI. - Springer Verlag, 
Berlin. 
HEWLETT, A. W. and VAN ZWALUWENBERG (190 9) :  The rate 
of blood flow in the arm. - Heart .!, 87. 
HILL, R. , J. C. JANSEN and J. L. FLING (1967) :  Electrical impe­
dance plethysmography: a critical analysis. - J. Appl. Physiol. 
� 161. 
HILLESTAD, L. K. ( 1963): The peripheral blood flow in inter­
mittent claudication. - Acta Med. Scand. 174, 23. - 174, 
671. - 173, 467. 
HOLLING, H. E. and D. VEREL (1957) :  Circulation in the ele­
vated forearm.  - Clin. Sci. 16, 197. 
HOLT, P. J. (1940 ): The measurement of venous pressure in man 
eliminating the hydrostatic factor. - Am. J. P hys. 130, 635 . 
HOLT, P. J. (1941):  The collapse factor in the measurement of 
venous pressure : The flow of fluid in collapsible tubes. -
Am. J. Physiol. 134, 292. 
HOLT, P. J. (1943) : The effect of positive and negative intratho­
racic pressure on peripheral venous pressure in man. -
Am. J. Phys. 1391 208. 
HOLT, J. P .  ( 1969): Flow through collapsible tubes and through 
in situ veins. - IEEE Transact. Bio. Med. Eng. � 274. 
HOREMAN, H. W. (1958): Camparison of methods for measuring 
peripheral blood flow. - Thesis Univ. of Utrecht The Nether­
lands. 
HYMAN, C. and T. WINSOR (1961) : History of plethysmography. -
J. Cardivasc. Surg. 2, 506. 
HYMAN, C. , D. BURNAP and S. FIGAR (1963): Bilateral diffe­
rences in forearm blood flow as measured with capacitance 
plethysmograph. - J. Appl. Physiol. 18, 997. 
ISACSSON, S. 0. (1972) :  Venous occlusion plethysmography in -55-
year old men. A population study in Malmo, Sweden. -
Acta Med. Scand. Suppl. 53J. 
KAINDL, F. , K. POLZER und F. SCHUHFRIED (1959): Rheogra­
fie, eine Methode zur Beurteilung periphere Gefa.sse. - Dr. 
Dietrich Steinkopff Verlag, Darmstadt. 
KINNEN, E. (1969): A defence of electrical impedance plethys­
mography. - Med. Res. Eng. � 6. 
1 16 
KOLIN, A. (1967) :  An electromagnetic catheter-flowmeter. 
Circ . Res .  .£!,. 889 .  
KROGH, A. , E .  M. LANDIS and A. H.  T URNER (1932 ) :  The mo­
vement of fluid through the human capillary wall in relation 
to venous pressure and to the colloid osmotic pressure of the 
blood. - J. Clin. Invest. lL. 63 .  
LANDOWNE, M. and L .  N.  KATZ (1942 ) :  A critique of  the plethys­
mographic method of measuring blood flow in the extremities 
of man. - Am. Heart J. 2 3, 644. 
LASSEN, N. A. ( 1964) : Muscleblood flow in normal man and in 
patients with intermittend claudication evaluated by simulta­
neous 133xe and 24Na clearances . - J. Clin. Invest. 43, 180 5 .  
LASSEN, N .  A .  and M .  KAMPF ( 1965 ) :  Calf muscle blood flow 
during walking studied by the 133Xe method in normals and in 
patients with intermittent claudication. - Scan. J. Clin. Lab. 
Invest. � 44 7 . 
LASSEN, N. A. , J. LINDBJERG and 0. MUNCH (1964) :  Measure­
ment of blood flow through skeletal muscle by intramuscular 
injection of Xenon- 133 .  - Lancet I, 686 .  
LEWIS, T.  and R. GRANT (19 2 5) :  Observations upon reactive hy­
peraemia in man. - Heart, � 73 .  
LIND, A. R. and P .  G .  SCHMID ( 1972 ) :  Comparison of  volume and 
strain-gauge plethysmography during static effort. - J. Appl. 
Physiol . 32 ,  552 . 
LINDBJERG-:-:f. F.  (1965) :  Diagnostic application of the 133xe 
method in peripheral arterial disease . - Scan. J. Clin. Lab. 
Invest. 17, 589 .  
LOVE, A. H. G .  (1955) : The rate of blood flow and the oxygen 
saturation of the effluent blood following contraction of the 
muscles of the human forearm .  - Clin. Sci. 14, 2 75 .  
LUDBROOK, J .  ( 1966) : Aspects of venous function in the lower 
limbs .  - C . C .  Thomas, Springfield, Ill. 
LUDBROOK, J. and G. M. COLLINS (19 67 ) : Venous occlusion 
pressure plethysmography in the human upper limb. - Circ. Res . 
� 139 .  
MORENO, A. H. , A. I .  KATZ and L. D. GOLD (1969) : An integrated 
approach to- the study of the venous system with steps toward 
a detailed model of the dynamics of venous return. - IEEE 
Transact . on Bio. Med. Eng.  � 308 .  
MORL, H .  ( 1971) :  Vergleichende Messungen der Muskeldurch­
blutung mit der Venenverschlussplethysmografie und der 
Clearance mit 133-Xenon bei arteriellen Verschlusskrankheit . 
- Z . Keislauff. 60, 447 . 
MYERS, K. ( 1964) :  The investigation of peripheral arterial dis ­
ease by strain gauge plethysmography. - Angiology .!? t 2 9 3 .  
1 1 7  
NIEVEEN, J . , L. B. VAN DER SLIKKE and W. J. REICHERT (1956) : 
Photoelectric plethysmography using reflected light. -
Cardiologica � 16. 
NILSEN, R. (1970 ) :  On the clinical use of pulse plethysmography 
of the calf. - Scand. J. Clio. Inv. 251 391. 
NIJBOER, J. (1959) : Electrical impedance plethysmography. -
Ch. C. Thomas. Springfield, Ill. 
OESEBURG, B. and J. STUTTERHEIM (1967) : Ascorbate dilution 
curves obtained using a simple catheter for injection and 
measurement. - Acta Physiol. Pharm. Neer!. 1 4, 355 .  
DE PATER, L . , Jw. VAN DEN BERG and A. A.  BUENO (1962) : 
A very sensitive photo-plethysmograph using scattered light 
and a photosensitive resistance. - Acta Phys. Pharm. Neer!. 
� 378. 
PATTERSON, G. C. and R. F. WHELAN (1955) : Reactive hyperemia 
in the human forearm. - Clio. Sci. � 197. 
PERONNEAU, P. (1970) : Blood flow velocity profiles. -
Ultrasonics � 203. 
PERNOW, B. and S. ZETTERQUIST (1968) : Metabolic evaluations 
of the leg blood flow in claudicating patient with arterial ob­
structions at different levels. - Sc and. J. Clio. Lab. Inv. � 277. 
PIRNAY, F. , R. MARECHAL, R. RADEMACKER and J. M.  PETIT 
(1972) : Muscle blood flow during submaximum and maximum 
exercise on a bicycle ergometer. - J. Appl . Physiol. 32, 210. 
PIRNAY, F.  (1972) :  Analysis of femoral venous blood during 
maximum muscular exercise. - J. Appl. Physiol. 33, 289. 
PRINZMETAL, M. and C. WILSON (1936): The nature of the peri­
pheral resistance in persistent arterial hypertension. -
J;Clin. Invest. 15, 63. 
QUINN, R. J. (1967) : Wrist cuffs for forearm plethysmography. -
Ir. J .  Med. Sci. 6, 465. 
RICKENBACHER,J. (1971) : Zur Histogenese der Venenwand. 
In: Die Venenwand. Ed: J. R. Ruttner and H . J. Len. Verlag 
Hans Huber Bern, Stuttgart. 
RIECKERT, H. (1970) : Die Hamodynamik des venosen RUckflus­
ses aus der unteren ExtremiUlt. - Nat. -wis. med. Verein. 
TU bingen. 
RUTISHAUSER, W. , J. STUCKY and N. SCHAD (1966) : Cinedensi­
tometrie, eine besondere IndikatorverdUnnungsmethode. -
Cardiologia 49, 183. 
SANCHEZ, S. A. (1968) : Versatility of mercury strain gauge 
plethysmography in evaluating peripheral vascular disease. -
I. S. A. Transact. 7, 119. 
SHAW, N. E. (1964) : Observations on the physiology of the cir­
culation in bones. - Ann. R. Coll. Surg. Engl. � 214. 
118 
SHEPHERD, J. T. (1967): Behaviour of resistance and capacity 
vessels in human limbs during exercise. - Circ. Res. 20, 
suppl. 1. 
SIEGELOVA, J. und H. RIECKERT (1967): Vergleichende segment­
plethysmographische Untersuchungen mit und ohne distale 
Occlusio. - Z. Kreislauff. 56, 1115. 
SIGDELL, J. E. (1969}: A critical review of the theory of the 
mercury strain gauge plethysmograph. - Med . Biol . Eng. 7 ,  
365 . 
SIGDELL, J. E .  (1971): A theoretical study of capacitive plethys­
mography. - Med. Biol. Eng .  � 447 . 
SIGGAARD-ANDERSEN, J. (1965): Obliterative vascular disease. 
Classification by means of the Dohn plethysmograph. - Acta 
Chir. Scand. 130, 190. 
SIGGAARD-ANDERSEN, J. and F. BONDE PETERSEN (1967): 
Venous occlusion plethysmography and 133xe clearance mea­
sured simultaneously on the calf in normal subjects. -
Scand. J. Clin. Lab. Invest. 19, 106. 
STOREN, G .  (1969): Segmental mercury strain gauge plethysmo­
graphy in patients with intermittent claudication. -
Scand. J. Clin. Lab. Invest. 23, 331. 
STRANDELL, T. and J. WARREN (1963): Circulation in the calf 
at rest, after arterial occlusion and after exercise in normal 
subjects and in patients with intermittent claudication. -
Acta Med. Scand. 173, 99. 
STRANDNESS, D. E. (1969): Peripheral arterial disease. -
J. and A. Churchil Ltd. London. 
TQ)NNESEN, K. H. (1964): Blood flow through muscle during 
rhythmic contraction measured by 133Xe. - Scand. J. Clin. L ab. 
Invest . 16, 646 - 17, 433. 
T<1>NNESEN, K. H. (1965): The blood flow through the calf muscle 
during rhythmic contraction and in rest in patients with oc­
clusive arterial disease measured by 133xenon. -
Scand. J. Clin. Lab. Invest. 17, 433. 
T<1>NNES�N, K. H. (1968): Simultaneous measurement of the calf 
blood flow by strain-gauge plethysmography and the calf mus­
cle blood flow measured by 133xe Clearance. -
Scand. J. Clin. Lab. Invest . !!..,_ 64. 
TQ)NNESEN, K. H. (1968): Muscle blood flow during exercise in 
intermittend claudication. - Circulation 37,  402. 
T<l>NNESEN, K. H. (1972): Late results afte�rterial reconstruc­
tion evaluated by exercise blood flow measurement. -
Scand. J. Clin. Lab. Invest. � 163. 
WARREN, J. (1966): Quantitative aspects of blood flow and oxy­
gen uptake in the human forearm during rhythmic exercise. 
- Act . P hys. Scand. §1... Suppl. 269. 
119 
WARREN, J. and L .  HAGENFELDT ( 1 9 68) : Human forearm muscle 
metabolism during exercise. - Scand. J. Clin. Lab. Invest. 2 1, 
2 57 .  
WALSH, J. A. , C. HYMAN and R .  F .  MARONDE ( 1 969) : Venous 
diste.1sibility in essential hypertension. - Cardiovasc. Res. � 
338 .  
WETTERER, E.  and Th. KENNER ( 1 96 8 ) :  Grundlagen der Dynamik 
des Arterienpulses. - Springer Verl. Berlin. 
WHELAN, R. F. ( 1 9 6 7 ) :  Control of the peripheral circulation in 
man. - C. C. Thomas, Puhl. Springfield. 
WHITEMORE, R. L. ( 1 968 ) :  Rheology of the circulation. -
Pergamon Press, Oxford. 
WHITNEY, R. J. ( 1 9 5 3) :  The measurement of volume changes in 
huma_n limbs. - J. Physiol. 1 2 1, 1.  
WIGGERS, C. J. ( 1 9 62 ) :  The circulation and circulation research 
in perspective. 
In: Handb. Physiol. Sec. 2: Circulation, 1.  
Ed. : W. F. Hamilton, Arn. Physiol. Soc. Washington DC. 
WILKINS, R. W. and S. E. BRADLEY ( 1 946) : Changes in arterial 
and venous blood pressure and flow distal to a cuff inflated 
on the human arm . - Am. J. Physiol. 1 47, 2 6 0 .  
WINSOR, T. ( 1 9 53) : Clinical plethysmography. Part 1 .  An im­
proved direct writing plethysmo�raph. - Angiology � 1 34 .  
WINSOR, T.  ( 1 9 57) : The segmenta..: rkthysmograph. A descrip­
tion of the intrument. - Angiology �- 87 .  
WINSOR, T. and C .  Hyman ( 1 9 65) : A pr i  ner of peripheral vas­
cular disease. - Lea and Febiger, P½iladelphia. 
WOOD, J. E. ( 1 9 6 5) :  The veins, norma.1 � .. J abnormal function. -
Little, Brown and Comp. Boston. 
WYATT, D. C ( 1 9 68) : Dependence of electromagnetic flowmeter 
sensitivity upon encircled media . - Phys, Med. Biol. � 5 2 9 .  
ZETTERQUIST, S. ( 1 970) : The effect o f  active training o n  the 
nutritive blood flow in exercising ischemic legs. - Scand. 
J. Clin. Lab. Invest. 2 5 ,  10 1. 
120  
